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 Les polymères sont des macromolécules constituées d’unités de répétitions appelées 
monomères. Ils ont des propriétés physico-chimiques très intéressantes et surpassent dans 
beaucoup d’applications des matériaux classiques tels que le verre, le béton ou l’acier. Depuis 
le milieu des années 1970, les polymères sont partout (des avions au cœur artificiel) et 
certains disent que nous sommes rentrés dans « l’ère du plastique ».  
Le polyéthylène (PE) est l’un des polymères les plus importants industriellement. En 
effet, on le retrouve dans la plupart des produits du quotidien tel que les films d’emballage, 
les jouets… Le polyéthylène a des propriétés physico-chimiques uniques et présente 
l’avantage de posséder une large gamme de propriétés différentes accessibles en variant sa 
microstructure (PEHD, PEBD, PEBDL) et donc sa cristallinité. 
Actuellement, le polyéthylène est synthétisé industriellement par deux mécanismes 
différents : une polymérisation radicalaire qui nécessite des conditions expérimentales 
extrêmement dures (pression d’éthylène au delà de 2000 bar ou plus et température au dessus 
de 200°C), ou une polymérisation catalytique par coordination-insertion qui est généralement 
effectuée dans des conditions beaucoup plus douces (pression d’éthylène à 50 bar au plus et 
température le plus souvent en dessous de 100°C).  
En général, ces deux méthodes ne donnent pas le même polymère. La polymérisation 
radicalaire produit un polyéthylène contenant des ramifications (PEBD – polyéthylène basse 
densité) et donc ayant un point de fusion et une cristallinité plus faible qu’un 
homopolyéthylène (PEHD – polyéthylène haute densité) qui peut être synthétisé par 
polymérisation catalytique. 
Malgré l’importance considérable du polyéthylène, peu de groupes de recherche 
académique étudient le mécanisme et l’amélioration de sa synthèse. L’équipe Chimie et 
Procédés de Polymérisation du laboratoire C2P2 est une de celles-là. Depuis cinq ans, un 
nouveau projet de recherche y a été initié avec comme objectif la copolymérisation d’oléfines 
apolaires avec des comonomères polaires. 
En effet, la copolymérisation est un outil extrêmement utile pour accéder à de 
nouvelles propriétés physico-chimiques. En effet, elle permet d’associer les propriétés 
différentes des homopolymères et en général d’ajouter des propriétés spécifiques à un 
matériau d’usage. La copolymérisation de l’éthylène avec d’autres oléfines non polaires a été 
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très étudiée avec des succès limités. Actuellement la microstructure du copolymère obtenu est 
bien contrôlée (teneur en comonomère, régio- and stéréo-sélectivité de l’insertion du 
comonomère…). Par contre la copolymérisation avec des monomères polaires par 
polymérisation radicalaire ou catalytique reste limitée voir inefficace. Il s’agit donc d’un 
verrou technologique important qu’il reste à briser. 
Mon travail au cours de cette thèse suit la démarche originale initiées par Mlle 
Alexandra LEBLANC qui au cours de son doctorat a développé un nouveau concept de 
copolymérisation hybride pour effectuer la copolymérisation d’éthylène avec des monomères 
vinyliques polaires. 
Ce travail repose sur deux idées principales : 
• L’étude de la polymérisation radicalaire de l’éthylène dans des conditions 
beaucoup plus douces que les conditions industrielles. En effet, à des 
pressions d’éthylène en-dessous de 300 bar et des températures de 
polymérisations inférieures à 100°C, l’homopolymérisation de l’éthylène par 
voie radicalaire est souvent faussement considérée comme inefficace. 
• Le développement de la copolymérisation hybride basée sur une croissance 
de chaîne alternant entre deux mécanismes de polymérisations différents, une 
croissance radicalaire pour les séquences riches en monomère vinylique 
polaire et une croissance par coordination/insertion pour les séquences 
polyéthylène. Le copolymère obtenu a alors une microstructure type 
multibloc. 
Met polymère polymère
X
 
Figure 1. Copolymérisation de l’éthylène avec des monomères vinyliques polaires par un 
mécanisme hybride 
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Ce manuscrit de thèse est divisé en six chapitres qui décrivent la polymérisation de 
l’éthylène via polymérisation radicalaire classique jusqu'à la copolymérisation hybride par 
échange entre un système ATRP et une polymérisation catalytique. 
 
Dans le premier chapitre, une étude bibliographique sur l’homopolymérisation de 
l’éthylène et la copolymérisation avec des monomères polaires a été effectuée.  
Cette étude montre que l’homopolymérisation radicalaire de l’éthylène peut être 
effectuée dans des conditions expérimentales beaucoup plus diverses que celle généralement 
habituellement reportées (pression d’éthylène de 0.1 mbar jusqu’à 8000 bar et température de 
-80°C à plus de 400°C). Néanmoins, depuis plusieurs décennies très peu d’études ont été 
publiées sur cette polymérisation.  
La copolymérisation, qu’elle soit catalytique ou radicalaire, ne permet pas la 
production de copolymères sur toute la gamme de compositions. De façon schématique, la 
polymérisation radicalaire sous des conditions douces permet l’insertion d’éthylène jusqu'à 
20% pratiquement toujours isolé au sein du polymère. Et la polymérisation catalytique permet 
l’insertion de certains comonomères polaires jusqu'à 20% dans la chaîne (Figure 2).  
Insertion du comonomère polaire %0 100
Copolymérisation catalytique Copolymérisation radicalaire
 
Figure 2. Copolymères accessibles par polymérisation radicalaire ou catalytique 
Ces résultats démontrent bien l’importance de développer une nouvelle technique de 
polymérisation qui allierait les avantages des polymérisations catalytique et radicalaire afin 
d’obtenir des copolymères d’éthylène avec des monomères polaires. 
 
La première partie de mon travail de thèse a concerné le développement de la 
polymérisation radicalaire de l’éthylène dans des conditions expérimentales qui sont 
généralement décrites comme étant inefficaces. De façon inattendu nous avons noté que la 
polymérisation radicalaire de l’éthylène peut être effectuée dans des conditions 
expérimentales aussi douces que des pressions de seulement 5 bar et à des températures de 
réaction de 10°C. Ainsi la synthèse de polyéthylène a été effectuée dans des conditions très 
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variables en température (10°C à 110°C) et pression (5 bar à 250 bar). Le polyéthylène obtenu 
possède moins de ramifications que le PEBD industriel. Sa masse molaire moyenne est faible 
en général (à cause de réaction de transfert au solvant) mais si la polymérisation est faite dans 
du diéthyle carbonate de hautes masses molaires sont atteintes (Mn de 20000 g/mol). Enfin, 
des températures de fusion allant de 85°C à 122°C sont obtenues. 
La polymérisation radicalaire de l’éthylène peut être effectuée soit dans une phase 
unique supercritique (éthylène + solvant) soit dans un milieu biphasique. Dans ce cas, la 
polymérisation a lieu principalement dans la phase liquide où l’éthylène est dissous. La 
transition entre ses deux milieux a été étudiée à la fois théoriquement et expérimentalement 
avec un bon accord entre les deux. 
Nous avons également noté que la polymérisation radicalaire de l’éthylène subit un 
fort effet activateur du solvant. En effet, la polymérisation sans solvant est presque inefficace 
contrairement à la polymérisation en présence de solvant. De plus la conversion dépend aussi 
du solvant utilisé. Ainsi la polymérisation dans le THF est six fois plus efficace que dans le 
toluène. Pour comprendre cet effet une large gamme de solvants a été étudiée. Seule l’étude 
par la théorie du complexe activé permet de rationaliser cet effet et il apparaît que 
l’interaction de Keesom induite par le solvant sur le radical en croissance contrôle la cinétique 
de polymérisation. En plus de cet effet activateur, les solvants peuvent être utilisés comme 
agents fonctionnalisants du polyéthylène par transfert au solvant. Par exemple des 
terminaisons par des fonctions chloro et THFyl ont été obtenues. 
Enfin quelques résultats prometteurs ont été obtenus sur le contrôle de la 
polymérisation radicalaire de l’éthylène. En particulier les techniques RAFT (Reversible 
Addition Fragmentation Chain Transfer) et CMRP (Cobalt Mediated Radical Polymerization) 
semblent des méthodes qui permettront dans un avenir proche de contrôler la polymérisation 
radicalaire de l’éthylène et donc d’avoir accès à des architectures très intéressantes dans ces 
conditions douces. 
Nous avons ensuite transposé ces résultats à la polymérisation radicalaire de 
l’éthylène en émulsion. Des latex stables à des taux de solides atteignant 40% en poids ont été 
synthétisés. Des diamètres de particules allant de 20 nm à 150 nm ont été obtenus. Deux 
morphologies de particules ont enfin été observées : des sphères lorsque la polymérisation est 
réalisée avec peu de tensioactif et des disques dans le cas contraire.  
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Après avoir étudié l’homopolymérisation de l’éthylène, nous avons abordé sa 
copolymérisation avec des monomères polaires dans des conditions expérimentales 
équivalentes en solution dans des solvants organiques ou bien en émulsion. Le caractère 
ambivalent du comonomère a été particulièrement souligné. En effet le comonomère est à la 
fois un solvant qui modifie la réactivité de l’éthylène et bien sûr un monomère qui peut 
s’insérer dans la chaîne. Ainsi les coefficients de réactivité peuvent être ajustés en modifiant 
le solvant organique de synthèse et la concentration initiale de comonomère utilisée. Les 
copolymères obtenus ont des taux d’insertion d’éthylène faibles et très peu de séquences 
d’unités éthylène sont présentes dans la chaîne. La copolymérisation de l’éthylène avec 
l’acétate de vinyle permet cependant d’atteindre des compositions extrêmement riches en 
éthylène. 
Cette étude montre que malgré les conditions plus dures que celles décrites dans la 
littérature, la copolymérisation radicalaire de l’éthylène ne permet pas d’obtenir toutes les 
compositions possibles. En conséquence un nouveau type de copolymérisation doit être 
développé. 
 
Dans la dernière partie de ce manuscrit nous avons étudié une copolymérisation 
hybride radicalaire/catalytique en vue d’obtenir une plus large gamme de compositions et de 
microstructures. Tout d’abord un complexe de nickel a été étudié qui est à la fois un 
catalyseur de polymérisation de l’éthylène et amorceur de la polymérisation radicalaire des 
monomères vinyliques polaires. En effet, la rupture homolytique de la liaison nickel carbone a 
été démontrée par spectroscopie RPE. De plus l’ajout d’une source supplémentaire de 
radicaux tel que l’AIBN permet d’activer cette rupture par un mécanisme de substitution 
radicalaire sur le nickel qui a été mise en évidence.  
Le rôle de ligands supplémentaires comme des phosphines a aussi été étudié. En effet 
l’ajout de phosphine modifie l’amorçage par le complexe de nickel : à 70°C le temps de demi-
vie varie de 60 min à 360 min en fonction du ligand ajouté et le facteur d’efficacité de 4% à 
100%. De même l’activité du complexe en polymérisation de l’éthylène est aussi dépendant 
des ligands ajoutés, ainsi la polymérisation peut être totalement inhibée ou activée d’un 
facteur 4 par l’ajout de la phosphine adéquate. Ces résultats sont plutôt inattendus car en 
général un catalyseur est activé par l’ajout d’un acide de Lewis et pas d’une base qui peut se 
Résumé 
 
complexer sur la lacune de coordination et donc entrer en compétition avec la coordination de 
l’éthylène. 
Une fois ce catalyseur/amorceur étudié, la copolymérisation a été mise en place avec 
succès. En effet des copolymères ont été synthétisés avec de nombreux monomères vinyliques 
polaires. L’ajout d’une source additionnelle de radicaux augmente l’efficacité de la 
copolymérisation. Avec le MMA des copolymères allant de 1% à 99% ont été obtenus en 
utilisant le même système et en variant uniquement la pression d’éthylène et la quantité 
initiale de MMA. De même la nature multiblocs des copolymères a été démontrée grâce à 
plusieurs techniques analytiques. La microstructure obtenue est extrêmement intéressante car 
elle permet de conserver la cristallinité du copolymère même à des taux de comonomères 
polaire très élevé. Finalement l’amélioration de cette copolymérisation utilisant des 
techniques de polymérisation radicalaire contrôlées couplées à la catalyse a été abordée. 
L’ATRP (atom transfer radical polymerization) se révèle être un très bon candidat puisque 
qu’elle active l’homopolymérisation de l’éthylène tout en contrôlant la formation du bloc 
polaire. 
 
En conclusion les objectifs initiaux de cette thèse ont été réalisés et de nouveaux 
domaines d’étude restent à approfondir tel que la polymérisation radicalaire contrôlée de 
l’éthylène, l’étude des propriétés des latex de PE ou la copolymérisation hybride contrôlée. 
Polymer: 
 
ATRP: atom transfer radical polymerization 
CMRP: cobalt mediated radical polymerization 
CRP: controlled radical polymerization 
FRP: free radical polymerization 
HDPE: high-density polyethylene 
LCB: long-chain branch 
LDPE: low-density polyethylene 
Mn: number average molecular weight 
Mw: weight average molecular weight 
MWD: molecular weight distribution 
PDI: polydispersity index 
PE: polyethylene 
PP: polypropylene 
RAFT: reversible addition-fragmentation chain 
transfer 
SCB: short-chain branch 
 
Molecules: 
 
Initiators: 
AIBN: azobisisobutyronitrile 
AIBA: 2,2-azobis(2-amidinopropane)-
dihydrochloride 
APS: ammonium persulfate 
KPS: potassium persulfate 
 
Ligands: 
Cy: cyclohexane 
DPPB: 1,1-bis(diphenylphosphino)butane 
DPPE: 1,1-bis(diphenylphosphino)ethane 
DPPH: 1,1-bis(diphenylphosphino)hexane 
DPPM: 1,1-bis(diphenylphosphino)methane 
DPPP: 1,1-bis(diphenylphosphino)propane 
DPPPe: 1,1-bis(diphenylphosphino)pentane 
DPPPh: 1,1-bis(diphenylphosphino)benzene 
Monomers: 
AA: acrylic acid 
AAm: acrylamide 
AN: acrylonitrile 
BuA: butyl acrylate 
BuMA: butyl methacrylate 
DCE: 1,1-dichloroethylene 
MA: methyl acrylate 
MAA: methacrylic acid 
MAAm: methacrylamide 
MAN: methacrylonitrile 
MCr: methyl crotonate 
MMA: methyl methacrylate 
MSty: α-methylstyrene 
PAc: isopropenyl acetate 
Sty: styrene 
tBuA: tert-butyl acrylate 
tBuMA: tert-butyl methacrylate 
VAc: vinyl acetate 
VPiv: vinyl pivalate 
 
Solvents: 
DCM: dichloromethane 
DEC: diethyl carbonate 
DMF: dimethylformamide 
DMSO: dimethylsulfoxyde 
THF: tetrahydrofuran 
 
Surfactants: 
CTAB: cetyltrimethylammonium bromide  
SDBS: sodium dodecylbenzenesulfate 
SDS: sodium dodecylsulfate 
Glossary 
  
Techniques: 
 
AFM: atomic force microscopy 
DMA: dynamic mechanical analysis 
DLS: dynamic light scattering 
DSC: differential scanning calorimetry 
EPR: electron paramagnetic resonance 
GC-MS: gas chromatography-mass spectrometry 
MALDI-TOF: matrix-assisted laser 
desorption/ionisation – time-of-flight mass 
spectrometry 
NMR: nuclear magnetic resonance  
SEC: size exclusion chromatography 
TEM: transmission electron microscopy  
TGA: thermogravimetric analysis 
 
Miscellaneous: 
 
cmc: critical micelle concentration 
EoS: equation of state 
Pc: critical pressure 
Tb: boiling temperature 
Tc: critical temperature 
Tg: glass transition temperature 
Tm: melting temperature 
 
  
Polymers are macromolecules constituted of repeated monomer units. They exhibit 
very interesting physico-chemical properties and they actually supplant classical materials 
such as glass, steel or concrete in many applications. Some authors even claim that mankind 
has entered in the “Polymer Era” since the mid 70s. Indeed polymers are everywhere, from 
cars to artificial hearts. Polymer science is a major domain of chemistry since about 50% of 
the world chemists work on polymer. Moreover research in polymer science undergoes 
exponential growth with major discoveries every year and is one of the most active 
communities.  
Polyethylene is the top manufactured polymer. This polymer is present in the 
everyday life since the discovery of the first efficient polymerization of ethylene in the 40s. 
This polymer presents unique properties and can also cover a wide range of applications 
through different microstructures (HDPE, LDPE, LLDPE…).  
The final properties are dependent on the molecular weight (and polydispersity 
index) of the polyethylene, and its crystallinities which are impacted by their branching 
content as well as the type of branches, and the possible comonomer content. 
Polyethylene is synthesized by two efficient mechanisms: a free radical 
polymerization under severe experimental conditions (ethylene pressure over 2000 bar and 
temperature over 200°C), or a coordination-insertion catalytic polymerization which can be 
performed under milder experimental conditions. 
Few academic research groups study the synthesis of polyethylene despite its 
industrial importance. The team “Chimie et Procédés de Polymérisation” in the C2P2 
laboratory is one of them. Five years ago they began a project in order to copolymerize 
ethylene or other non polar olefins with polar vinyl monomers. 
Indeed it is well known that copolymerization is a very efficient tool to access new 
physico-chemical properties by the variations of the polymer microstructure and their effect 
on the local and global properties. Copolymerization of ethylene with non polar olefins has 
been well investigated and the control of copolymer microstructure (comonomer content, 
regio- and stereoselectivity of the comonomer insertion…) is achieved from an academic 
point of view. For polar vinyl comonomer none of the two major mechanisms of 
polymerization (radical or catalytic) is able to give rise to an efficient copolymerization (in 
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activity, chemical composition and distribution, molecular weight, etc). Moreover none of 
them can produce the whole range of composition (see Figure 1) and comonomer 
distributions. 
Polar vinyl monomer insertion %0 100
Catalytic copolymerization Radical copolymerization
 
Figure 1. Range of polar insertion available up to now via radical or catalytic 
copolymerization 
 
Therefore the copolymerization of ethylene with polar vinyl olefins remains one of 
the last challenges for polymer chemists. My work follows the initial study of Miss Alexandra 
LEBLANC who started to develop a new concept of hybrid copolymerization developed at 
the LCPP in order to solve this major issue. 
 
The present work is based on two main ideas:  
• A reinvestigation of the radical polymerization of ethylene under 
experimental conditions much milder than the industrial ones (see Figure 2). 
Indeed under ethylene pressure in the range of 0 to 300 bar and temperature 
of polymerization below 100°C this polymerization is often wrongly assumed 
to be inefficient. 
 
Figure 2. Free radical polymerization of ethylene 
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• The development of a new “hybrid” copolymerization based on the 
“shuttling” between two different polymerization mechanisms, a radical one 
for the polymerization of vinyl polar monomer and a catalytic one for the 
polymerization of ethylene (see Figure 3).  
Met polymer polymer
X
 
Figure 3. Hybrid radical/catalytic polymerization mechanism 
 
The present manuscript is composed of six chapters each of them investigating a 
different aspect of the ethylene polymerization from a standard free radical polymerization to 
a controlled hybrid copolymerization with polar vinyl monomers. 
 
In the first chapter, we will review the ethylene homopolymerization and 
copolymerization with polar vinyl monomer. This state-of-the-art will evidence that there is 
still a lack of knowledge in the free radical polymerization under medium ethylene pressure 
(P<250 bar). Moreover the catalytic or radical copolymerization of ethylene with polar vinyl 
monomer does not provide the complete range of copolymer composition and 
microstructures. The conclusion of this study is that a new approach needs to be developed 
joining radical and catalytic polymerization in a hybrid mechanism. 
In the second chapter, we will investigate the radical homopolymerization of 
ethylene. This polymerization exhibits some surprising behaviors. Ethylene free radical 
polymerization presents an unexpected high efficiency (due to an activation effect by the 
solvent) and this polymerization can even be performed under experimental conditions as 
mild as 10°C under 5 bar of ethylene pressure. The crucial role of solvent (activation of the 
polymerization and transfer agent leading to chain-end functionalization) and experimental 
conditions will be also rationalized. Finally, the possibility of performing controlled radical 
polymerization of ethylene will be briefly investigated. 
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In the third chapter, we will transpose this free radical polymerization in water in 
order to obtain high molecular weight polyethylenes and stable PE latexes. The influence of 
surfactant and initiator will be studied and the morphology of crystalline PE nanoparticles 
particularly highlighted. Finally, the formation of hybrid (organic/organic and 
organic/inorganic) nanoparticles is reported. 
In the fourth chapter, the radical copolymerization of ethylene with various polar 
vinyl monomers is investigated. This copolymerization is performed in organic solvent or in 
aqueous dispersed medium. The particular roles of the comonomer as a solvent and as a 
monomer are highlighted.  
In the last two chapters, we investigate in depth the possibility of performing a 
hybrid copolymerization.  
In the fifth chapter, the synergy between radical and catalytic polymerization will be 
reported. Then we investigate the mechanism of “shuttling” between radical and catalytic 
polymerization. Finally the influence of additional ligands such as phosphine on radical and 
catalytic polymerization is rationalized. 
In the last chapter, the copolymerization of ethylene with various polar vinyl 
monomers is presented. The high efficiency of this system is discussed. Then a fine 
investigation of the role of each compound in this copolymerization is performed. Finally the 
extrapolation to a shuttling between ATRP (atom transfer radical polymerization) and 
catalytic polymerization is investigated. 
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A. Generalities on polyethylene 
1. Economical aspect 
Polyolefins are the largest class of plastics [1, 2] and the market grows by 5-6% per 
year, because of their versatility with respect to physical and mechanical properties, their 
energy efficient and economically attractive production, their low cost and readily available 
primary materials. Among these, the commodity polymers linear low density polyethylene 
(LLDPE) and isotactic polypropylene (iPP) have shown the highest annual growth rates with 
more than 10% (see Table 1), followed by high density polyethylene (HDPE) and low density 
polyethylene (LDPE). In 2005, the world production of polyolefins amounted to more than 
103 millions tons, nearly half of all plastics. 
Table 1. World production of polyolefins in mTons [1, 2] 
Year LDPE LLDPE HDPE PP Total 
1983 11.3 1.2 6.4 6.4 25.6 
1990 14.0 4.0 11.4 12.6 42.7 
1995 14.4 7.8 14.3 17.1 53.6 
2001 15.8 15.2 20.9 27.7 79.6 
2005 18.5 18.5 29.0 37.0 103.5 
2010* 19.5 19.5 37.0 50.0 126.0 
*: forecast 
2. The different families of polyethylene 
In this chapter, we will focus only on polyethylene. There are four principal classes 
of polyethylene (see Figure 1): 
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High-density polyethylene: 
HDPE is chemically the closest in structure to pure polyethylene. It consists primarily 
of unbranched molecules with very few flaws to mar its linearity. With an extremely 
low level of defects to hinder organization, a high degree of crystallinity can be 
achieved, resulting in polymers that have a high density (relative to other types of 
polyethylene). Some polymers of this type produced using very small concentration of 
1-alkenes comonomer in order to slightly reduce the crystallinity level and activate the 
ethylene polymerization. HDPE polymers typically have densities falling in the range 
of approximately 0.94-0.97 g/cm3. 
Low-density polyethylene: 
LDPE is so named because such polymer contains substantial concentrations of 
branches that hinder the crystallization process, resulting in relatively low density. The 
branches primarily consist of ethyl and butyl groups together with some long-chain 
branches. LDPE polymers typically have densities falling in the range of 
approximately 0.90-0.94 g/cm3. 
Linear low-density polyethylene: 
LLDPE polymers consist of macromolecules with linear polyethylene backbones to 
which are attached short alkyl groups at random intervals. These materials are 
produced by the copolymerization of ethylene with 1-alkenes. The branches most 
commonly encountered are ethyl, butyl, or hexyl groups. A typical average separation 
of branches along the main chain is 25-100 carbon atoms. Chemically these polymers 
can be seen as a compromise between linear polyethylene and low-density 
polyethylene. The short branches hinder crystallization to some extent, reducing 
density relative to HDPE. The result is a density range of approximately 
0.90-0.94 g/cm3. 
Very low-density polyethylene: 
VLDPE is a specialized derivative of LLDPE. A typical separation of branches would 
fall in the range of 7-25 backbone carbon atoms. The high level of branching inhibits 
crystallization very effectively; consequently, the resulting materials are 
predominantly noncrystalline. The high levels of disorder are reflected in the very low 
densities, which fall in the range of 0.86-0.90 g/cm3. 
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Figure 1. Schematic representations of the different classes of polyethylene 
The various types of polyethylene (from high-density to very low-density) exhibit a 
wide range of properties, the specific attributes depending on the molecular and 
morphological characteristics of the polyethylene. Each variant of polyethylene possess its 
own characteristics, and within each type, there is a spectrum of properties. A numerical 
comparison of the different types of polyethylene [3], highlighting the typical ranges of some 
key solid-state properties, is presented in Table 2. 
All these specificities explain the commercial importance of polyethylene in 
everyday life.  
To produce these PE different processes have been developed. HDPE, LLDPE, and 
VLDPE are usually prepared by a catalytic polymerization such as Ziegler Natta or Phillips 
catalysis. LDPE is produced using free radical polymerization.  
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Table 2. Main properties of different types of polyethylene 
Property HDPE LDPE LLDPE VLDPE 
Density (g/cm3) 0.94-0.97 0.91-0.94 0.90-0.94 0.86-0.90 
Degree of crystallinity  
(% from calorimetry) 
55-77 30-54 22-55 0-22 
Melting temperature (°C) 125-132 98-115 100-125 60-100 
Heat of fusion (J/g) 159-222 88-155 63-180 0-180 
Flexural modulus (bar @ 23°C) 10000-16000 2500-3400 2800-11000 <2800 
Tensile modulus (bar) 11000-14000 1700-3500 2700-9100 <2700 
Tensile yield stress (bar) 180-310 90-200 80-200 <80 
Tensile strength at break (bar) 220-310 80-310 130-450 170-350 
Tensile elongation at break (%) 10-1500 100-650 100-950 100-600 
Shore hardness Type D 66-73 44-50 55-70 25-55 
Izod impact strength  
(ft-lb/in. of notch) 
0.4-4.0 No break 
0.35-No 
break 
No break 
Heat distortion temperature  
(°C @ 66 psi) 
80-90 40-44 55-80 — 
Thermal expansivity  
(10-6 in/in/°C) 
60-110 100-220 70-150 150-270 
Homopolymerization of ethylene and copolymerization with polar vinyl monomers 
 I-13 
3. Physical properties of ethylene  
Before going in depth in the PE synthesis, we will focus on some different important 
specificities of the ethylene polymerizations.  
Ethylene appears to have been discovered by Johann Joachim Becher in 1669, who 
obtained it by heating ethanol with sulfuric acid. Ethylene is industrially produced in the 
petrochemical industry by steam cracking. In this process, gaseous or light liquid 
hydrocarbons are heated to 750–950 °C, inducing numerous free radical reactions followed by 
immediate quenching to stop these reactions. This process converts large hydrocarbons into 
smaller ones and introduces unsaturations. Ethylene is separated from the resulting complex 
mixture by repeated compressions and distillations. The ethylene made is especially cheap 
thanks to this process (≈700 $/tons compared with styrene≈1100 $/tons). This induces cheap 
polyethylene which also explains its wide commercial application: HDPE≈900-50000 $/tons, 
LLPDE≈900-1200 $/tons, LDPE≈900-1300 $/tons. 
As ethylene is also a vegetal hormone, which stimulates or regulates the ripening of 
fruit, the opening of flowers, and the abscission (or shedding) of leaves. Therefore, ethylene 
can be biosynthesized as well. Consequently, ethylene made by biosynthesis can be 
considered as a renewable and a bio-monomer, therefore poly(bio-ethylene) as a renewable 
resource. The current bio-ethylene is synthesized from bio-ethanol but a worldwide interest 
exists in the direct bacterial synthesis of ethylene. 
At atmospheric pressure ethylene is a gas, which liquefies at -103.7°C and solidifies 
at -169.2°C. Critical point of ethylene is Tc=9.2°C and Pc=50.4 bar [4]. For comparison, 
styrene Tb=145°C, Tm=-31°C, Tc=374°C, Pc=39.9 bar. Over this critical point in pressure 
and temperature, ethylene is a supercritical fluid (Figure 2). 
In standard polymerization conditions, a gas or a supercritical fluid has to be 
manipulated, thus autoclaves techniques are mandatory. 
As polymerization involves a non liquid monomer, most of the usual techniques to 
follow the reaction profile are unadapted. For example in a stainless reactor under 100 bar of 
ethylene pressure, withdrawal of a sample is not an easy task. 
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Figure 2. Phase diagram of ethylene 
a) Supercritical fluids 
Ethylene under standard polymerization conditions over 50 bar and 9°C is a 
supercritical fluid. This phase induces some specificities. Lot of pressurized gases are in fact 
supercritical fluids, such as CO2 (Tc=31°C, Pc=73.8 bar), N2 (Tc=-150°C, Pc=33.9 bar), O2 
(Tc=-118.5°C, Pc=50.4 bar), Ar (Tc=-122.3°C, Pc=48.7 bar), He (Tc=-269.1°C, Pc=1.1 bar) 
and also gaseous monomers such as propylene (Tc=91.7°C, Pc=46 bar) [4].  
Supercritical fluids have properties between these of a gas and a liquid. In addition, 
there is no surface tension in a supercritical fluid, as there is no liquid/gas phase boundary. By 
changing the pressure and the temperature of the fluid, the properties can be “tuned” to be 
more liquid- or more gas-like. In first approximation, the liquid-gas phase transition can be 
extrapolated over the critical point. Below this curve, supercritical fluid is gas-like and over 
liquid-like. 
One of the most important properties of a supercritical fluid is the solubility of 
material in the fluid. Indeed supercritical fluids have high solvation ability due to the prefer 
interaction with any other molecules than itself. Solubility in a supercritical fluid tends to 
increase with the density of the fluid (at constant temperature). Since density increases with 
pressure, solubility tends to increase with pressure. The relation with temperature is a little 
more complicated. At constant density, solubility will increase with temperature. The high 
solubility of compounds in a supercritical fluids and the easiness to remove the fluid explain 
the great interest about extraction via supercritical CO2. 
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All supercritical fluids are completely miscible with each other. So for a mixture, a 
single phase can be guaranteed if the critical point of the mixture is exceeded. (It should be 
noted this principle originates the extraction of impurities by supercritical fluids). The critical 
point of a binary mixture can be estimated as the arithmetic mean of the critical temperatures 
and pressures of the two components, bbaamix YcxYcxYc += , where x  is the molar ratio and 
Yc  the critical temperature or pressure. For greater accuracy, the critical point can be 
calculated using equations of state (EoS), such as the Peng-Robinson equation, or group 
contribution methods. Other properties, such as density, can also be calculated using 
equations of state. 
b) Potential medium of polymerization 
For ethylene, this supercritical behavior means that the polymerization could take 
place in several media: 
• Without diluent 
1. Bulk polymerization in liquid phase: 
If polymerization temperature is below 9°C and pressure over the gas-liquid phase 
transition. 
2. Bulk polymerization in gaseous phase: 
If polymerization pressure is below 50 bar and temperature over the gas-liquid phase 
transition. 
3. Bulk polymerization in supercritical phase: 
If polymerization pressure and temperature are over the critical point Tc=9.2°C and 
Pc=50.4 bar. 
• With diluent 
4. Slurry polymerization in diluent: 
If polymerization pressure or temperature are below the critical point of the mixture 
ethylene-diluent then two phases exist. In this case, the polymerization will take 
place in the diluent, where some ethylene is dissolved. This is the polymerization 
medium of most of academicals studies on the catalytic polymerization of ethylene. 
Ethylene phase can be gaseous or supercritical.  
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5. Homogeneous supercritical mixture polymerization 
If polymerization pressure and temperature are over the critical point of the mixture 
ethylene-diluent. This is the case of some industrial process to synthesize LDPE.  
6. Homogeneous gaseous or liquid mixture polymerization. 
Homogeneous gaseous medium could exist with low boiling point and critical point 
mixture. Homogeneous liquid could also exist if the polymerization takes place 
below 9°C and at pressure over the gas-liquid transition. 
 
One other important parameter is the solubility of the synthesized polyethylene. In 
slurry conditions PE always precipitates (due to the chain crystallization) during the 
polymerization except when highly branched PE is synthesized or with low molecular weight 
PE. For unique phase conditions, PE can precipitate during the polymerization or remain 
soluble in the liquid phase. We will call this system respectively heterogeneous and 
homogeneous system. PE has exactly the same effect as a normal diluent on the mixture. To 
estimate the critical parameters of PE, we could extrapolate Tc and Pc from heavy series of 
alkanes (see Figure 3). 
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Figure 3. Critical parameters of alkanes H(CH2)nH;  linear alkanes critical 
temperature,  linear alkane critical pressure,  methyl alkanes critical 
temperature with respectively 1,2,3,4 methyl branches 
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From this data it has been extrapolated [5] that linear PE exhibits a virtual critical 
temperature of 1050 K. As shown in Figure 3, branches induce lower critical temperature thus 
homogeneity of the reaction medium will be easier with branched PE than linear one. 
Extrapolation of 2-methyl-n-alkane gives 950K [5] as result, 100K less than the linear one. 
These extremely high critical temperatures induce a high cloud point (over the cloud point, 
system is homogeneous (PE soluble in ethylene), below it is heterogeneous). Theoretical 
determination of cloud point is less easy because PE is a large entity and interacts with several 
ethylenes or diluents molecules. Consequently Van der Waals type of equation of states (EoS) 
cannot be used because they only consider interaction between 2 molecules. Much more 
complex EoS are used such as Span-Wagner or PC-SAFT (Perturbed-Chain Statistical 
Associating Fluid Theory) which include multiple points interaction [6-8].  
In the standard ethylene free radical polymerization at high pressure and temperature 
PE is soluble in the supercritical phase, otherwise at lower pressure and/or temperature PE 
usually precipitates except with highly branched PE and/or low molecular weight PE. 
c) Heat capacity 
One of the most important parameters to control during the polymerization is the 
exothermicity of the reaction. In bulk polymerization, heat capacity of the monomer has to be 
significant compared to heat of polymerization. For ethylene, the heat of polymerization is 
very high 100 kJ/mol, for a comparison heat of styrene polymerization is only 70 kJ/mol [9]. 
Moreover heat capacity of ethylene (≈50 J/mol/°C at 100°C) is very low compared to styrene 
(≈200 J/mol/°C at 100°C, Figure 4, data from [10] and [4]). 
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Figure 4. Heat capacity vs. temperature; — ethylene vs. — styrene 
Reactor temperature rises for each percent of conversion if none of the heat of 
polymerization is removed; -- ethylene, -- styrene 
Consequently if none of the heat of polymerization is removed, the increase of the 
reactor temperature during the polymerization will be much higher with ethylene than with 
styrene. For each percent of conversion the temperature of the reactor will rise of 23°C (only 
3°C for styrene polymerization) if polymerization takes place at ambient temperature, 16°C at 
200°C, and 13°C at 400°C. From another point of view, the adiabatic reactor temperature will 
rise from 20°C to 400°C with only 23% of ethylene conversion, only by heat of 
polymerization.  
The heat of polymerization of ethylene is a drastic problem and has to be removed to 
control the polymerization. One of the solutions is to use diluents with high heat capacities 
such as heptane 2.23 kJ/kg/°C, toluene 1.71 kJ/kg/°C, tetrahydrofuran (THF) 1.72 kJ/kg/°C, 
diethyl carbonate (DEC) 1.81 kJ/kg/°C and water 4.17 kJ/kg/°C at 25°C [11].  
Another important issue is to evacuate this heat. It is made through the reactor design 
which optimizes the heat transfer. This is a non trivial problem because reactors also have to 
resist to the ethylene pressure. Large reactor walls solve this pressure issue, but lead to 
adiabatic processes. This issue has been solved using loop reaction in tubular reactor filled 
with fluidized bed instead of batch reactor. 
At the light of all these parameters, we understand the difficulty to provide a 
polymerization of ethylene at high pressure and temperature in safe conditions. 
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B. Homopolymerization of ethylene 
In this section, we will focus on the polyethylene synthesis. Seminal papers on 
polyethylene synthesis will be first discussed; previous to the discovery of chemists at 
Imperial Chemical Industries (ICI) for the free radical polymerization and the discovery of 
Ziegler and Natta or Phillips for the catalytic polymerization. Then the research on the free 
radical polymerization of ethylene will be described, and finally the research on the catalytic 
polymerization. 
1. The different potential mechanisms of ethylene 
polymerization 
Theoretically, ethylene can be polymerized by four different chain polyaddition 
mechanisms: cationic, anionic, radical, and catalytic. The difficulty for all these mechanisms 
is that the active species (radical, cation, anion, metal carbon bond) are unstabilized and 
therefore highly reactive. Consequently, any inhibitor will have a dramatic effect on the 
ethylene polymerization.  
a) Cationic polymerization 
Many early works claim a cationic polymerization of ethylene thanks to strong Lewis 
acid (i.e. BF3, AlCl3) [12-17], nevertheless no recent one describes this kind of 
polymerization and so these results may be catalytic polymerization misinterpreted, or a 
radical polymerization activated by Lewis acid. Moreover, primary carbocation undergoes 
multiple rearrangement reactions and elimination reactions. Consequently, cationic 
polymerization of ethylene appears highly improbable. 
R
+ R
R
R + H
 
Figure 5. Cationic reaction with a 1-alkyl carbocation  
b) Anionic polymerization 
Anionic polymerization of ethylene is a mechanism proposed in the oligomerization 
of ethylene by “Aufbau reaction” [18, 19]. This reaction was discovered by Ziegler et al. and 
prefigured the discovery of the Ni effect. 
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R
+ R
 
Figure 6. Propagation reaction in an anionic polymerization of ethylene 
c) Radical polymerization 
Radical polymerization is one of the two major mechanisms of polymerization of 
ethylene. Usually it provides branched PE. Industrial processes involve high temperatures 
(T>100°C) and high pressures (P>1000 bar), which imply that it is difficult to conduct 
academicals studies in such conditions. As for the cationic intermediate, 1-alkyl radical will 
surely undergo lot of different rearrangements. 
R
+ R
 
Figure 7. Propagation reaction in a radical polymerization of ethylene 
d) Catalytic polymerization 
Catalytic polymerization of ethylene provides vast ranges of PE from HDPE to 
VLDPE. Many research groups study this reaction academically and especially develop new 
catalysts or catalyst activators. Usually the reaction conditions are low temperature 
(T<100°C) and low pressure (P<50 bar). 
R
+
R [Met][Met] R
[Met]
 
Figure 8. Coordination-insertion during a catalytic polymerization 
2. Early works on synthesis of polyethylene  
Previously to the initial discovery of chemists of ICI ethylene was usually described 
as a non-polymerizable monomer. Nevertheless, some groups tried to polymerize it using 
different pathways, in various experimental conditions, in order to obtain long chain alkanes 
which have many commercial applications. These tryouts did not yield polyethylenes of high 
molecular weight but only oligomers of ethylene. 
a) Polyethylene synthesis without ethylene 
Historically, the first synthesis of a high molecular weight hydrocarbon was probably 
polymethylene, produced from the decomposition of diazomethane accidentally in 1889 by 
von Pechmann [20] and understood in 1900 by Bamberger and Tschirner [21]. Later, 
polymethylenes of high molecular weight were prepared with high melting point 
(Mw=3 106 mol/g Tm=132°C) [22]. Some other polymers containing alkyl substituent were 
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also obtained by the same system [23]. This type of polymers is still used as model of 
polyolefins (equivalents of polypropylene, polyisobutene have been also synthesized). 
N2
* *
n
n+ N2
HH
heat or catalyst
 
Figure 9. Polymethylene synthesis from diazomethane 
The first LDPE must be the white solid obtained by Ling and Glockler [24] in 1929 
by submitting ethane to a semi corona discharge. The waxy solid obtained was the first 
example of long alkane chains with various branches. 
Fischer-Tropsch [25] reduction of carbon oxide by hydrogen discovered in the 1920s 
allows the production of hydrocarbon. By adjusting the process, the production of waxes up to 
2000 g/mol was reported as early as 1935 [26]. Later, DuPont [27] reported the production of 
linear PE with average molecular weights as high as 9000 g/mol using a tungstite catalyst. 
H H
n
n+ H2O
catalyst(2n+1) H2 + n CO
 
Figure 10. Fischer-Tropsch reaction yielding to hydrocarbons 
Carothers [28] produced polymethylene by the condensation of decamethylene 
bromide with molecular weight up to 1000 g/mol. Finally, polyethylene can also by obtained 
by dehalogenation of polyvinyl chloride by lithium hydride [29]. (It should be noted that 
hydrogenated polybutadiene can also be considered as a polyethylene containing ethyl 
branches, and often use as model of branch PE, see Annex I). 
b) Paraffin synthesis via ethylene 
Oligomerization of ethylene was already well known before 1933. Some of these 
works were directed to produced gasoline or lubricants. But until 1933 no molecular weights 
over 6000 g/mol were reported. 
(1) Ethylene decomposition 
Oligoethylenes were produced as early as 1886 [30] by decomposition of ethylene 
under very high temperature (700°C) [31, 32] at low-pressure (10 bar). The products obtained 
were hydrocarbons of low molecular weights. The explosive decomposition and 
polymerization of ethylene to oils at 50 bar and 380°C was also reported [33]. This method 
only yields oligomers with maximum molecular weights of 500 g/mol. 
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(2) Anionic polymerization of ethylene 
In 1930, Friedrich and Marvel reported the polymerization of ethylene to a “non-
gaseous” product by the action of alkyl lithium [34]. In the same year, Carothers reported also 
the polymerization of ethylene by the action of sodium [35]. The maximum weight of the 
waxes obtained was approximately 1500 g/mol. 
(3) Polymerization of ethylene assisted by Lewis acid 
As early as 1927 ethylene and its analogues had been converted to oils by boron 
fluoride catalysts with cobalt as promoter [36], boron fluoride with hydrogen fluoride was 
also used [12]. Liquid mixtures of open-chain, cyclic, and aromatic hydrocarbons were 
formed by polymerizing ethylene at high pressures in the presence of phosphoric acid, 
anhydride, aluminum chloride, nickel or titanic acid at temperatures up to 800°C. [13-17]. 
The mechanism due to the method available at this time stays unknown but authors 
hypothesized a cationic one. However, we can also hypothesize a radical polymerization 
activated by strong Lewis acid or a catalytic polymerization. The cationic polymerization can 
also be a possibility but no cationic polymerizations were described up to now and must be 
improbable due to the extremely unstable carbocation involved. 
(4) Radical polymerization of ethylene 
Several papers were published on the polymerization of ethylene by free-radical 
initiation [37], particularly using biacetyl [38], ethylene oxide [39], methyl radicals [40, 41], 
and tetraethyl lead [42] under temperature over 300°C. All these methods produced only 
waxes (Mn<5000 g/mol). 
(5) Irradiation polymerization 
McDonald and Norrish [43] discovered in 1936 that when ethylene was irradiated at 
pressures below 0.01 bar with light from a hydrogen discharge tube a solid polymer was 
deposited. This discovery initiated lot of works on photopolymerization of ethylene, in 
particular using acetone, mercury, cadmium, and zinc as photosensitizers [44-50].  
(6) Catalytic polymerization 
Catalytic polymerization at low pressures with cobalt and iron catalysts containing 
promoters was investigated at an early date [51-56], but the results were very poor and the 
products were of low molecular weight. Experiments at pressures up to 1800 bar gave no 
better result. 
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3. Free radical homopolymerization of ethylene 
In the early 1930s the British company Imperial Chemical Industries established a 
research program with the goal of investigating the high pressure chemistry of selected 
organic compounds, including ethylene. On 29 March 1933, Eric Fawcett and Reginald 
Gibbon were investigating the high pressure reaction of ethylene with benzaldehyde. After an 
experiment that failed in its intended purpose (the benzaldehyde having been recovered 
unchanged) a sub gram quantity of a white waxy solid was found lining the vessel. The 
product was correctly identified as a polymer of ethylene. This reaction was not reproducible, 
and attempts to repeat it sometimes led to uncontrollable exothermic reactions with 
accompanying excessive pressure that damaged equipment. It was only in December 1935 
that Michael Perrin established a set of conditions that could be used to polymerize ethylene 
consistently. The key to reproducibility laid in the contamination of the ethylene by traces of 
oxygen. Oxygen reacted with ethylene to produce peroxides that subsequently decomposed to 
create free radicals that initiated the polymerization of ethylene. The polyethylene made by 
Perrin et al. was a ductile material with a melting temperature of about 115°C. This material 
was what we know today as LDPE. 
The seminal patent [57] broadly covered polymers consisting essentially of –CH2- 
groups, melting in the range 100-120°C, and having a molecular weights above 6000 g/mol. 
Solid polymers are obtained by mixing ethylene with approximately 0.01-0.05 % of oxygen, 
compressing the mixture to at least 500 bar, and heating in a well–stirred autoclave at 200°C 
or above. It is of the highest importance that the incoming ethylene steam was free from 
impurities, particularly acetylene. Usually the amount of oxygen is controlled by reducing the 
oxygen content of the incoming ethylene to 0.0001 % and adding the required amount of 
oxygen afterwards 
a) Study of the high pressure and high temperature process 
It was found out [58] that increasing the ethylene pressure lead to increase the 
molecular weight of the product and to accelerate the polymerization, and that increasing the 
temperature leads to accelerate the polymerization but gave a product of lower molecular 
weight and density (Figure 11). Increasing the oxygen quantity also reduced the molecular 
weight. The optimum conditions were difficult to define, but seemed to be 1500 bar, 
0.03-0.1 % oxygen, and a temperature of 190-210°C. All of these results are summarized in 
the following figure. 
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One last point to highlight is the haze issue. Haze was found to decrease with 
pressure and increase with temperature. The processes have to minimize the haze in order to 
prevent the obstruction of the reactor. 
 
Figure 11. Schematic representation of process variable vs. product properties 
(variations are not necessarily linear) 
b) Towards linear polyethylene at high pressure, low 
temperature 
Density, thus inversely branching degree, decreases with temperature and increases 
with pressure. Consequently, some research groups attempted polymerization of ethylene 
under very high pressure and low temperature in order to synthesize linear PE. 
As early as 1957 DuPont [59] discovered that ethylene radical polymerization under 
very high pressure (over 5000 bar) and low temperature (60°C) provides linear polyethylene. 
PE synthesized exhibit a melting point of 132°C with a density of 0.955, Mw over 
100000 g/mol, and branching degree is below 1 branch per 1000C. At this early date, even 
catalytic polymerization recently discovered did not provide such linear polyethylenes.  
Linear polymers, synthesized by free radical polymerization, were rediscovered in 
2001 by Bini et al. [60] at ambient temperature under laser irradiation with similar results.  
Under these extreme experimental conditions ethylene is close to a liquid phase 
behavior, consequently polymerization is extremely sensitive to exothermicity. Moreover, to 
provide this range of pressure, pistons need to be used. All these specifications explain why 
this procedure does not eclipse the catalytic polymerization, and has never been developed 
industrially. 
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c) Addition of diluents at high pressure and at high temperature  
Since rapid heat transfer is a critical factor to obtain a controllable radical 
polymerization, diluents [61] have been used such as cracking still gases[58], aromatic 
solvents (benzene…) [62], alcohols [63], water, halogenobenzenes [64], ammonia [65], 
alkanes. All these diluents provide a better control of the reaction exothermicity and allow the 
functionnalization by chain transfer to the diluents. 
Machi et al also polymerized ethylene via γ rays radiation or thermal radical initiator 
in supercritical carbon dioxide [66, 67]. These experiments were initially designed in order to 
copolymerize ethylene with carbon dioxide, but only LDPE was obtained, no ethylene-CO2 
copolymerization was reported. 
d) Polymerization of ethylene in emulsion 
As early as 1944 [68-76] polymerizations in water were performed. Some of these 
works provided stable PE latexes. At this date only potassium persulfate (KPS) as water 
soluble initiator was known. Surprisingly the formation of PE latex was only obtained by 
controlling pH either over 11 [77, 78] or below 4 [79]. Control of pH at 2-4 with hydrogen 
chloride gave a shorter induction period, high intrinsic viscosity, and an improved yield 
compared to alkaline polymerization. Machi et al. [76] studied this emulsion by γ-rays 
initiation and also obtained latexes.  
As dynamic light scattering (DLS) did not exist then the average diameters of 
particles could not be measured. Nevertheless, Kern et al. [68] referred to blueish latex 
therefore we can hypothesize that PE particles could have been quite small (20 nm).  
Pressure conditions for polymerizations were usually over 1000 bar except for 
Machi’s work in which pressure between 100 bar and 500 bar were used. Temperatures of 
polymerization were usually up to 200°C.  
It should be noted that other works were performed in a supercritical homogeneous 
mixture of ethylene and water in order to produce high molecular weight alcohols. 
e) Process at low pressure and low temperature with diluent 
Since the initial disclosure of the ethylene radical polymerization, research groups all 
around the world have tried to bypass the initial patent [57], by trying to polymerize ethylene 
at pressure under 500 bar and temperature below 100°C.  
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(1) In single supercritical phase 
In single supercritical phase, two major pathways were studied in order to induce an 
ethylene initiation under low temperature: initiation by a low temperature radical initiator 
(AIBN [80-82]), or initiation via radiation (γ-rays [83-90], or photo-polymerization [91]). 
As it has been demonstrated [92] solubility of materials in supercritical fluids, is 
usually far greater than their vapor pressure exerted by the mixture even for solids. Therefore, 
the small amounts of initiator used can be expected to be soluble in ethylene supercritical 
phase. For polyethylene, calculations indicate that PE precipitated during the polymerization. 
These kinds of polymerizations provided PE with lower yield than the industrial 
process which explains why these works were abandoned. One of the most surprising points 
developed in this supercritical monophasic heterogeneous condition is the hypothesis of a 
“living radical polymerization” as early as 1962 [82, 90, 93]. Evidence of a long-life alkyl 
radical has been proposed. Indeed, the crystallinity of the growing radical will drastically 
reduce the termination rate; therefore will increase its lifetime (see Figure 12). However, it is 
not yet a controlled radical polymerization due to the importance of transfer to the polymer. 
High mobility Low mobility
 
Figure 12. Schematic interpretation of long life time of a crystalline growing PE radical 
(2) In diluents phase 
Similar conditions of polymerization were applied with diluents [80, 82, 94-97].  
In this case the polymerization media is a unique supercritical phase or a supercritical 
ethylene phase over the diluent liquid phase where some ethylene is dissolved (such as in the 
standard catalytic ethylene polymerization process). In the last case, initiator is nearly entirely 
dissolved in the liquid phase. To the best of our knowledge, ethylene-benzene [98] was the 
only system where the transition between the supercritical unique phase of the mixture 
ethylene/diluent and the biphasic medium was studied. 
Khomiskovskii, Myshin and Machi observed that this polymerization is strongly 
dependent of the solvent. Khomiskovskii [99] was the first to report a solvent effect on the 
radical polymerization of ethylene. Myshkin [100] found a relation between solvent 
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permittivity and yield (ln kp linearly decreases with 1/εr). Machi [97] hypothesized that 
solubility of polyethylene is a crucial factor (yield increases from good PE solvents to bad 
solvents). 
f) Activation of the ethylene radical polymerization by Lewis 
acid 
As radical polymerization of ethylene was inefficient under low pressure 
(P<100 bar), some authors proposed to activate ethylene by strong Lewis acid (alkyl 
aluminum) [101, 102]. In these conditions, they managed the oligomerization of ethylene 
down to 50 bar of ethylene pressure. 
The Lewis acid will activate the double bond of ethylene in order to drastically 
decrease the activation energy (see Figure 13). 
LA
e-
 
Figure 13. Activated radical polymerization of ethylene by Lewis acid 
Recently, Russian and Michl [103, 104] succeeded in polymerizing ethylene 
respectively down to 10 bar and 1 bar, thanks to extremely strong Lewis acid (respectively 
TiBA with Zr(Et)4 or TiCl3Me and for Michl a naked Li+; LiCB11(CH3)12). The maximum 
degree of polymerization by weight average (DPw) was 70. However, these strong Lewis 
acids induced low activities and are expensive which prohibits any further industrial use. 
g) Polymerization in liquid ethylene 
Some works [83, 105] in the 60s were performed in liquid ethylene at very low 
temperature. These studies were done especially to understand the mechanism and kinetic of 
ethylene free radical polymerization. As ethylene is liquid under these conditions, standard 
equipments for the polymerization of monomer can be used. At these low temperatures 
kinetics of polymerization are extremely slow and only polymers of low molar masses are 
obtained.  
h) Polymerization in gaseous ethylene 
Polymerization of gaseous ethylene was also studied, especially with irradiation 
initiation [43]. Nevertheless, polymerization is extremely inefficient and leads to very low 
molecular weights highly branched PE [106]. These polymerizations remain a laboratory 
curiosity. 
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4. Kinetic studies of the free radical ethylene polymerization 
In this section, we will review some results on the kinetic of ethylene free radical 
polymerization and transfer reactions. 
a) Elementary steps of reaction 
The free radical polymerization of ethylene displays most of the typical 
characteristics of a vinyl monomer polymerization. Purposely omitting the initiation, which is 
probably identical to that in vinyl polymerization with typical peroxide and azo initiators, and 
poorly understood with oxygen, the main reaction steps are summarized in the following 
figure. 
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Figure 14. Elementary reaction steps of ethylene radical polymerization 
Not all these reactions take place under a given set of experimental conditions. For 
example reactions iii, v and vi appear to be negligible, excepted at temperatures above 200°C. 
Reaction vii to ix explain the branched microstructure of the polyethylene: vii induces short 
chain branches (SCB, mostly butyl), viii long chain branches (LCB). 
b) Propagation and termination rate constants 
Determination of kinetic constants of ethylene free radical polymerization is a 
challenge due to the experimental conditions where ethylene polymerization takes place 
(supercritical fluids at high pressures and high temperatures). Most of the studies allow only 
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the determination of kpkt-1/2 [107]. Only Luft [108] and more recently Buback [109] managed 
to use pulsed laser polymerization (PLP) to measure the propagation rate constant (kp) and the 
termination rate constant (kt) in the experimental conditions of the industrial process.  
(1) Effect of ethylene pressure on the polymerization 
kpkt-1/2 increases with pressure (see Table 3) due to a negative value of the activation 
volume ∆V≠o. For example at 129°C in bulk, Ehrlich [110] calculated a value of -23 cm3/mol 
between 750 bar and 2500 bar. Some research groups calculated this factor in presence of 
benzene at 50-70°C between 3000 and 7600 bar and found very low values of -3 to 
-6 cm3/mol [111]. The interpretation of these results remain unclear however it is conceivable 
that polymerization in the liquid-like phase (supercritical fluid close to liquid behavior) in 
which polymer is virtually insoluble would indeed be associated with much smaller pressure 
coefficient and lower polymerization rates. Consequently in all cases rate of kpkt-1/2 decreases 
when the pressure drops, so low-pressure polymerization will lead to oligomerization of 
ethylene. 
Table 3. Values of kpkt-1/2 at 129°C and at various pressures [110] 
Pressure (bar) kpkt1/2 (mol-1/2s-1/2) 
750 0.22 
1000 0.30 
1500 0.40 
2000 0.54 
2500 0.73 
(2) Effect of the temperature on the polymerization 
kpkt-1/2 also drastically decreases with the temperature (see Table 4), consequently 
polymerization at low temperature usually leads to an oligomerization of ethylene. In order to 
confront different values, kpkt-1/2 is extrapolated to 1 bar. Consequently, the activation volume 
effect is nullified and only the activation energy effect explains the variation of kpkt-1/2. 
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Table 4. Values of kpkt1/2 at different temperatures, extrapolated to 1 bar [107] 
Temperature (°C) kpkt-1/2 (mol-1/2s-1/2) 
250 1.7 
129 0.17 
83 0.015 
-20 0.009 
 
Consequently if we do not consider the point in liquid ethylene, we can calculate the 
global Arrhenius parameters (Ep-1/2Et=43 kJ/mol and ln(ApAt-1/2)=10.5). This activation 
energy value is quite different from the one generally admitted in the standard ethylene free 
radical polymerization conditions of 30 kJ/mol [107]. It is partly due to the fact that the 
activation energy value is calculated at the pressure of polymerization without subtracting the 
activation volume effect. 
(3) Determination of separate values of kp and kt 
Luft [108] used pulsed laser polymerization (PLP) to measure kp and kt (see Table 5) 
but only at low pressure (up to 180 bar) and high temperature (132°C). As expected kt 
drastically increases when the pressure decreases, and kp increases with the pressure. 
Table 5. Values of kp and kt at 132°C under various pressures [108]  
Pressure (bar) kp (mol-1.s-1) kt (10-6 mol-1.s-1) 
50 1200 1730 
100 1800 580 
150 2600 480 
180 5400 400 
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Buback [109] also fully studied the propagation and termination rate by PLP between 
190-230°C and 1950-2900 bar. He demonstrated that as for other radical polymerizations kp 
and kt are conversion dependent (see Figure 15).  
 
Figure 15. Variation of kt and kp with monomer conversion for ethylene polymerization 
at 230°C and 2500 bar from [109] 
Buback summarized PLP experiments by the following equations valid between 190-
230°C and 1950-2900 bar: 
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Where 0pk  and 
0
tk  are respectively the initial propagation and termination rate, rη  the 
relative viscosity of the polymerization medium (also dependent of the monomer conversion), 
x  is the monomer conversion and P the pressure in bar and T the temperature in K. 
The activation energy for the propagation is 34.3 kJ/mol. The high value of Ea is due 
to the fact that ethylene double bond is not activated (for styrene 31.5 kJ/mol and MMA 
22.4 kJ/mol). 
Chapter I 
 I-32 
Prior to these works, some research groups calculated by means of sector techniques 
the kinetics data at low temperature (see Table 6). For sector technique experiment, a liquid 
phase is mandatory so only slurry conditions of polymerization and liquid ethylene 
polymerization can be studied. 
Table 6. Values of kp and kt measured by rotating sector techniques [107]. 
Temperature (°C) kp (mol.s) kt (10-6 mol.s) 
132* 1200 1730 
83 470 1050 
-20 190 460 
*: data obtained by PLP from Luft data [108] 
Both kinetic constants decrease with the temperature as expected.
 
All these data show that the free radical polymerization of ethylene is only efficient 
to produce high molecular weights polymers under high pressure and high temperature. Under 
mild conditions, this will lead to an oligomerization of ethylene. 
c) Initiation of the polymerization 
(1) By Oxygen 
Dioxygen is classically considered as an inhibitor of vinyl monomers polymerization 
carried out below 100-150°C. This explains why the action of oxygen as initiator of free 
radical polymerization had not been studied in detail prior to the extensive commercial use of 
high-pressure polyethylene processes. Some of the kinetic peculiarities associated with the 
initiating (as well as inhibiting) action of oxygen at temperature above 100°C were defined by 
Ehrlich and co-workers [112-114]. Several rather striking phenomena testified that, even 
when ethylene and oxygen were reacting isothermally in a well-stirred batch reactor, a steady-
state free radical concentration could not be maintained. There was found to exist a sharply 
defined range of conditions depending, at given temperature, on pressure and oxygen 
concentration called “critical polymerization boundary” (see Figure 16). It separates a region 
of negligible polymerization rate from one in which polymerization is so rapid that, under 
some conditions, isothermal conditions could be barely maintained. This rapid polymerization 
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was preceded by a well-defined induction period which depended on pressure, the initial 
oxygen concentration and on temperature. Finally, it was found that the isothermal rate of 
oxygen consumption increased with the time, both above and below the critical 
polymerization boundary and that the major fraction, if not all, of initial oxygen had to be 
consumed prior to the onset of observable polymerization. 
The induction period and its characteristics indicated the non-steady-state formation 
and destruction of a labile molecular intermediate, acting as polymerization initiator. The 
critical boundary was reminiscent of the explosion limits, often observed in the oxidation of 
hydrocarbons (In fact, this boundary is an extrapolation at lower temperature, pressure and 
oxygen content of the explosion limits of ethylene oxygen mixture). Both series of 
observation were consistent with viewing the oxygen-initiated polymerization as a 
“degenerated explosion” [107, 115]. 
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Figure 16. “Critical polymerization boundary” in the oxygen-initiates polymerization;  
 at 130°C,  at 165°C [114] 
Data on the duration of the induction period for polymerization, τ, variation on 
pressure, P, initial oxygen concentration [O2]0 and on temperature T, were presented by 
Ehrlich and Pittilo [114]. Their dependency is of the form 
[ ] )/130000exp(23.0021 RTOPconst −⋅=τ  over pressures from about 700 to 1900 bar, initial 
oxygen molarities of 0.03 to 40 mol/kg and temperature from 100 to 180°C. The very slight 
increase of τ with [O2]0 indicates that an inhibiting effect of oxygen must coexist with its 
initiating action. The magnitude of the activation energy is consistent with the view that the 
rate-controlling step is the fission of a peroxide bond (Ea=132.6kJ/mol for ethyl peroxide 
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homolytic cleavage). This induction period sets a lower limit on the temperature at which the 
oxygen-initiated polymerization can normally be initiated in continuous reactors. 
The plot of oxygen concentration vs. time was originally reported to be S-shaped 
(see Figure 17) [114], with the end of induction period corresponding approximately to the 
inflection point. It appears that the latter part of the oxygen-depletion curve may be an artefact 
of the experimental procedure. Water and Mortimer [107] found the disappearance of oxygen 
to accelerate throughout the induction period, and rapid polymerization did not take place 
until the concentration of free oxygen was undetectable (below 1 ppm). 
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Figure 17. Schematic graphic on oxygen concentration versus PE formation.  
—: free dioxygen concentration, —: PE yields 
Numerous research groups have found that oxygen copolymerizes with vinyl 
monomers to give alternate peroxidic copolymers [116-119]. The key reaction steps are the 
following 
R
RO2
O2+ RO2
+
xi
xiiM RO2M or R
kO2
kp’
 
Figure 18. Peroxid formation 
When O2 is present, it competes with monomer for alkyl free radicals. Since kO2 has 
been found to be in the range of 1010 to 1011 L.mol-1.s-1 where R is ethyl radical, it explains 
why the free oxygen level must be extremely low for normal ethylene polymerization to occur 
in competition with reaction (xi). If kp’<<kp and the rate-determining step is the 
decomposition of peroxide linked in the alternating copolymer to generate new free radicals, 
the inhibiting effect of oxygen can be qualitatively understood [114].  
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(2) Organic peroxides, azo initiators 
Organic peroxide and azo compounds are suitable for the initiation of ethylene 
polymerization. No specific behavior was observed in the initiation of ethylene with this type 
of initiator compared to another monomer such as styrene. AIBN was especially, in Machi et 
al studies, used as reference for ethylene polymerization. Initiators usually have low 
dissociation constants in order to perform the polymerization at high temperature: for example 
di-t-butyl peroxide t1/2=10 h at 126°C. 
Nevertheless initiation by peroxide and azo compounds remains an active domain of 
investigation for the ethylene radical polymerization [120-123]. Especially, very low half-
time life initiator (t1/2<1 s) and side reactions induced are analyzed intensively. The impacts of 
multi-initiators like diperoxide are also investigated. 
Inorganic peroxides, such as KPS, are used to initiate ethylene polymerization in 
emulsion process. Surprisingly, results show that this initiation is efficient only in the acidic 
(below pH 2) [79] or basic range (over pH 10) [68]. Interpretation of this result remains open 
to discussion, as no initiation seems to take place at pH between 4 and 10. 
(3) Thermal initiation 
Data [107, 112-114] indicate that oxygen can initiate the polymerization of ethylene 
in trace amounts: even an oxygen concentration corresponding to 2 ppm will initiate 
polymerization at pressure above 1800 bar. In the course of the same studies, it was found that 
carefully deoxygenated ethylene did not polymerize under conditions as extreme as 200°C 
and 2000 bar. All “thermal” initiations at 200°C and at lower temperatures, occasionally 
reported in the literature, can therefore probably be safely attributed to oxygen. Beside no 
clear-cut proof of thermal initiation even at higher temperatures appears to have been 
established. 
(4) Initiation by ionizing radiation 
The γ-rays initiated polymerization of ethylene, under conditions in which high 
molecular weight polymer was formed, has been intensively studied by several groups of 
research throughout the world [83, 84, 86-88, 124-128]. The reaction has been carried out 
over a broad range of temperatures, pressures, and dose rates, sometimes in presence of 
solvents, and very often near or below room temperature where a separated, virtually pure 
phase of solid polymer was present. An increase in polymerization rate and in polymer 
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molecular weight with reaction time in batch systems is often observed under such conditions. 
Machi and al., among others, observed such effects suggesting that the termination reaction 
was virtually absent [90], inducing long living radicals. This behavior, which could be 
interpreted as a controlled radical polymerization, was in fact closer to the living radical 
polymerization as the radical lifetime is equal to the reaction time. Nevertheless, Munari and 
Russo [129] suggest that the auto-acceleration is caused by radiation-induced grafting on the 
precipitated polymer. This conclusion is in agreement with the observation that polyethylene 
made by radiation initiation at low temperatures often has a high degree of long-chain 
branching.  
The kinetic study indicates that the nature and relative rates of the elementary 
reaction steps in the γ-rays initiated polymerization of ethylene, with the exception of 
initiation and occasional presence of radiation grafting, are quite similar to these occurring at 
similar pressures and temperatures in the course of free radical initiated polymerization. 
The mechanism of polymerization using γ-rays initiation has been investigated. 
Meisels [130] suggested that hydrogen atoms are removed from ethylene by γ-ray energy and 
subsequently add to monomers to start polymer chains. By studying the initial stages of 
polymerization, Mitsui [131] found that one mole of acetylene was formed per mole of 
polymer (termination mode is mostly combination), which would indicate that the initiation 
reactions for pure ethylene can be written as below. 
+
xiv
Hγ 2+
H +
xiii
 
Figure 19. Initiation mechanism of ethylene polymerization under γ-rays  
Numerous publications reported the addition of other components which accelerate 
the polymerization, presumably because they are fragmented by γ-rays energy more easily 
than ethylene. However, Machi interpreted this as a solvent activation effect of the 
polymerization [97]. Oxygen was found to inhibit the γ-rays initiated polymerization. 
Polymerization did take place after an induction period and the polymer was found to contain 
combined oxygen [131].  
d) Chain transfer and microstructures 
As it is well known, polyethylene prepared by catalysis such as Ziegler-Natta close 
to ambient temperature and pressure approaches more closely the ideal linear polymethylene 
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structure than free-radical polyethylene prepared at pressures over 1000 bar and at 
temperatures over 100°C. It has been known that most of the branches accounting for such 
non-linearity are short compared to the backbone chain (mostly ethyl and butyl groups) and 
that these short branches account for the lower crystallinity, density, melting point, and 
associated physical properties of commercial “high pressure” polyethylene. 
Other structural “defects” known to exist in “high-pressure” polyethylene are vinyl 
and vinylidene type unsaturation. The former can result from the well-known 
disproportionation reaction (Figure 14 iii), whereas the latter, which is dominant, has been 
suggested to result from a chain transfer step associated with the depropagation of a tertiary 
radical (Figure 14 ix). 
Consequently, the major defects in polyethylene appear to result from chain transfer 
reactions. It is important to understand the dependence of such defects according to 
polymerization temperature and pressure. 
Table 7. Structural defects in various polyethylenes prepared by free radical method 
(last line corresponds to very high pressure linear radical polyethylene) 
CH3/1000C Vinyl/1000C Vinylidene/1000C 
35 0.07 0.84 
20.3 0.07 0.28 
14 0.04 0.07 
<0.8 <0.01 0.02 
(1) Transfer to transfer agent 
As illustrated (Figure 14 iv) a macroradical can react with a molecule to remove a 
fragment (A), generally a single atom, and leave the rest of the molecule with an unpaired 
electron. The kinetic chain is continued, that is no loss of radical occur, but the free radical 
site is transferred to another molecule. The new free radical can then add monomer, thus 
perpetuating the propagation reaction and creating a new polymer molecule. The chain 
transfer constant, Cs, is defined as the ratio of the transfer and propagation reaction rate 
constants, ks/kp. Chain-transfer constant are determinate under carefully controlled conditions 
in a homogeneous polymerization for a number of compounds [107] (see Table 8). 
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Table 8. Chain-transfer constant determined at 1360 bar and 130°C during the 
polymerization of ethylene [107]. 
Chain-transfer agent Cs and standard deviation 
Methane 0.0000±0.0002 
t-Butanol 0.0001±0.0002 
Ethane 0.0006±0.0005 
Benzene 0.0009±0.0002 
DMSO 0.0011±0.0003 
Propane 0.00303±0.00007 
Ethyl Acetate 0.0045±0.0003 
Isobutane 0.0072±0.0003 
Ethanol 0.0075±0.0003 
n-heptane 0.0080±0.002 
Cyclohexane 0.0095±0.0003 
Acetonitrile 0.011±0.001 
Toluene 0.0154±0.0005 
DMF 0.026±0.002 
THF 0.0288±0.0006 
Dioxane 0.032±0.002 
Butanone 0.060±0.005 
Chloroform 0.27±0.03 
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From a study of the chain-transfer values, it is possible to see that the radical 
reactivity patterns, which are common for alkyl radicals in the gas phase and for radicals in 
solution, are also found for polyethylene in bulk polymerization. All other things being equal, 
tertiary hydrogens are abstracted more readily than secondary which in turn are abstracted 
more readily than primary. Hydrogens atoms activated by halogens, carbonyl, or other 
activating groups such as vinyl and phenyl are more reactive than hydrogen atoms on 
paraffins. 
The chain-transfer constant is also dependent on pressure and temperature [107]. 
Most of the CS seem to be mostly independent on pressure. For temperature dependence, 
compounds having low chain-transfer constants exhibit high activation energy, and vice-
versa. 
Chain transfer to monomer, a familiar reaction with other monomers is strikingly 
small with ethylene (for styrene 10-4 and MMA 0.2) [107]. A value of less than 3 10-5 at 
130°C has been calculated, assuming all vinyl end groups to be the result of chain transfer. 
Even at 250°C, the Cs value for ethylene is only 7 10-5±2 10-5, if the same assumption is 
made. Since termination by disproportion and β-scission are also giving rise to vinyl groups, 
the actual extent of chain transfers to ethylene is even less.  
(2) Short chain branching 
Roedel [132] first proposed an intramolecular chain-transfer or “back-biting” 
reaction to explain short-chain branches found in polyethylene. The absence of methyl, propyl 
and pentyl branches indicates great specificity in branch formation. These short chain 
branches (SCB) consist entirely (within limits of detection) of 2- and 4-carbon unit in length. 
The radical transfer mechanism for short-chain branching has been questioned by Wickham 
[133] and Van der Molen [134].  
Free radical reactions can be very specific. It is well known that the free radicals are 
highly reactive intermediates and show limited discrimination between the various types of 
carbon-hydrogen bonds. This has led to the general feeling that free-radical reactions must be 
largely random and non-specific in character. This behavior is not in agreement with the 
regiochemistry observed for the short-chain branches formation. In studies of intramolecular 
hydrogen abstraction by alkoxy radicals, Walling and Padwa [135] have shown that the free 
radical abstracts almost exclusively the hydrogen bound to the fifth atom away from the 
radical site. Therefore, the transition state of the intramolecular hydrogen abstraction is a 6-
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membered ring containing 5 chain atoms plus the hydrogen which has to be transferred. It was 
further shown that 1,5-transfer of unactivated hydrogens took place almost exclusively even 
when 1,4- or 1,6-hydrogen transfer was chemically favored by the presence of an activating 
group such as phenyl [136]. 
The “back-biting” or 1,5-hydrogen transfer mechanism not only accounts for the 
observed short-chain branching in polyethylene but also suggest an additional structural facet. 
Short-chain branches probably occur not as isolated branches, randomly spaced along the 
main chain, but as clusters separate by long linear sequences. If one molecule of ethylene 
adds after the first “back-bite”, and then a second “back-bite” occurs, two ethyl branches may 
be formed if it abstracts H of the branch. If the second “back-bite” abstracts H of the main 
chain, a 2-ethylhexyl branch would be formed (see Figure 20). Willborn [137] identified ethyl 
and butyl branches by infrared and concluded from a probability treatment that the occurrence 
of a second “back-bite” soon after the first was indeed likely. Experimental evidence has been 
presented for multiple “back-bites” and suggested that short-chain branches may be clustered 
or branched themselves [138-141]. 
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Figure 20. Extended Roedel mechanism 
Assuming an intramolecular hydrogen-transfer mechanism for short-chain branching, 
it would be predicted that the extent of branching should vary as the pressure and temperature 
are varied, but should be independent of the nature and amount of chain transfer agents, 
conversion, as well as initiator type and amount. Indeed, all of these predictions have been 
Homopolymerization of ethylene and copolymerization with polar vinyl monomers 
 I-41 
verified by monitoring the methyl/methylene ratio (specified CH3/1000C) as the above 
variables have been changed [142-145]. There is general agreement that the CH3/1000C ratio 
increases with the temperature and drops with the pressure [143, 144, 146]. This observation 
was relevant with the almost linear polymer [59] formed at very high pressure 5000-7000 bar 
and low temperature and the very high branches level obtained by Jaacks and Mayo [106] in 
the gas phase near 1 bar.  
(3) Long chain branching 
Commercial polyethylene made by free radical polymerization always exhibits a 
broad molecular weight distribution (MWD) (polydispersity index PDI=Mn/Mw over 5). The 
broad MWD has been attributed to the presence of long branches in the polymer backbone in 
addition to short ones. Convincing evidence for such long branches was presented by Roedel 
[132] and by Billmeyer [147].  
Long-chain branches (LCB) arise probably from the abstraction by a growing radical 
of any hydrogen atoms at sites other than these allowing formation of a 6-membered ring. 
Except in a very dilute solution, a given radical will find a vast majority of such sites on other 
molecules. Long-chain branching will then be primarily the consequence of an intermolecular 
hydrogen abstraction (Figure 14 viii), in contrast to short-chain branching which is 
intramolecular.  
Since both long and short branches are formed by abstracting a hydrogen atom from 
a polymer chain, it is expected and found [148, 149] that there is a high degree of correlation 
between the amounts of the two types of branching. The rate of formation of both types of 
branches should be affected similarly by changes in temperature and pressure. Consequently, 
LCB content decreases with pressure and increases with temperature. However, formation of 
a 6-membered ring must be highly favored, and this must account for the high concentration 
of short branches compared to long ones (typically 1 LCB for 20 SCB). 
Beasley [150] was the first to attempt a quantitative calculation of the number and 
weight distribution of long-chain branches. He was able to show that the intermolecular 
abstraction mechanism could result in a great broadening of the MWD. This effect was shown 
to increase with the branching index. The mathematical models developed [151] allow to 
predict the MWD from the long chain branches index. 
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Some studies [132, 150] show that polymers made at high conversion contained 
more long chain branches with similar short-chain branches content. Mortimer [107] found an 
additional method to decrease the long-chain branches by synthesizing polyethylene in 
heterogeneous conditions (polyethylene precipitates). In this condition, the probability of 
intermolecular hydrogen abstraction drastically decreases due to the heterogeneity of the 
system. 
(4) Unsaturation 
Oakes and Richard [152] showed that the thermal degradation of polyethylene near 
300°C did not yield monomers, and was associated with an increased vinyl and vinylidene 
content in the polymer. They suggested that this type of unsaturation resulted from the 
scission of secondary and tertiary radicals at a carbon-carbon bond located at the β-position 
(Figure 14 ix). 
Since experimental evidence shows a substantial preponderance of vinylidene over 
vinyl groups [137, 146], the scission of tertiary radicals presumably plays a major role.  
The “multiple backbiting” mechanisms, as outlined in the previous section, can lead 
to a tertiary radical which undergoes β-scission to vinylidene. Low-density polyethylene 
usually contains 0.1 to 1 vinylidene groups per molecule, and so β-scission of a tertiary 
radical might be expected to be the dominant mechanism for molecular transfer under some 
experimental conditions. The low ratio of vinylidene/methyl is consistent with the view that 
formation of a vinylidene group requires the prior formation of a succession of short-chain 
branches. 
The vinyl contents of free radical polyethylene is usually substantially less than the 
vinylidene content. This testifies to the relative unimportance of molecular transfer by 
β-scission of a secondary radical and by chain transfer to monomer. At higher temperatures, 
however, such processes cannot be ruled out.  
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5. Catalytic polymerization of ethylene 
The first efficient mechanism for ethylene polymerization was the radical pathway 
(P>1000 bar and T>100°C). However free radical polymerization of ethylene, as just seen, 
leads to lot of flaws in the backbone except at very high pressure (P>5000 bar) and low 
temperature (T<100°C). This linear polyethylene possesses very interesting properties but the 
experimental conditions are too severe to be developed as an industrial process. Consequently 
in order to access linear PE catalytic polymerizations of ethylene have been developed under 
low pressure (P<100 bar) and low temperature (T<100°C). 
Catalytic polymerization discovered in the early fifties is extensively used in the 
production of polyolefins; HDPE and LLDPE are produced using Ziegler-Natta [153, 154], 
Phillips [155] and metallocene catalysts [156]. These catalysts allow a good control of the 
polymer microstructure, but they are based on early transition metals, (Ti, Zr, Cr and V), 
which are highly oxophilic, hence interact with any polar function such as polar comonomer. 
Late transition metals (Ru, Co, Fe, Ni, Pd) are much less oxophilic and therefore they may be 
used in presence of polar function (solvent or polar monomer). Excellent reviews have been 
published on the catalytic polymerization of ethylene [157-159]. Only the latest main 
developments of catalysts for the ethylene polymerization will be reviewed here, focusing on 
late as these compounds represent the best candidates in order to copolymerize ethylene with 
polar vinyl monomer. 
a) Generality about catalytic PE synthesis 
Catalysis for ethylene polymerization provides PE via a coordination-insertion 
mechanism (see Figure 23). To enable this mechanism the metal complex needs a vacancy 
which coordinates ethylene and a metal carbon (or metal hydrogen) bond in cis position with 
the vacancy in which ethylene will be inserted. 
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Figure 21. Schematic mechanism of catalytic polymerization of ethylene 
Two major kinds of catalysts can be described: monocomponent catalyst and 
multicomponent catalyst. Multicomponent catalysts need the addition of cocatalyst to manage 
the polymerization of ethylene (see Figure 22). For example most of industrial catalysts such 
as Ziegler-Natta ones need an alkylating agent (TEA—triethylaluminum, MAO—
methylaluminoxane) to create the first metal carbon bond in which ethylene will further 
insert, and/or create the vacancy on the metal center. 
Ln[Met] RLn[Met] X
precatalyst catalyst
cocatalyst
X
 
Figure 22. Schematic activation of a multicomponent catalyst with R a carbon or H 
Cocatalysts in multicomponent systems usually do not act as spectator during the 
catalytic polymerization. Alkylating agents have another important role beside the activation 
of precatalyst, they are also scavenger. In some cases, alkylating agents are also directly 
involved in the active species via bimetallic complexes.  
For monocomponent catalyst, the metal carbon bond preexists and usually an 
equilibrium exists to release the vacancy (see Figure 23). To favor the equilibrium toward the 
active species a ligand scavenger can be added to the system. For example a phosphine 
scavenger such as Ni(COD)2. 
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Figure 23. Schematic activation of a monocomponent catalyst, with R a carbon or H 
In the following, we will called catalyst even compounds which need to be activated 
by a cocatalyst. 
Most of the commercial processes for polyethylene synthesis are based on 
multicomponent catalysts and are usually used in heterogeneous phase with a solid catalyst. 
Important differences between homogeneous and heterogeneous catalyst are the PE particles 
formation and the homogeneity of both microstructures and molecular weights of PE 
synthesized. Homogeneous catalysts are often mono-site catalysts then all PE possess about 
the same molecular weight and chain microstructure. Heterogeneous catalysts are generally 
multi-site. Several different active species exist at the surface leading to several families of PE 
(in molecular weights and microstructures). 
After a long time of development, the research in ethylene catalytic polymerization is 
now focusing on various aspects and the copolymerization with polar vinyl monomers is one 
of the most challenging (we will focus on this point in the subsection D.2).  
b) Different classes of catalyst 
This discussion focuses on the homogeneous catalyst families for ethylene 
polymerization. Since the initial discovery of activator of metallocene catalyst (see Figure 24 
a) by Kaminsky, progress of catalysis using molecular early transition metal complexes 
during these three decades enabled control of molecular weights of polyethylenes and poly(α-
olefin)s, control of stereochemistry of poly(α-olefin)s, synthesis of block copolymers... For 
example, bridged metallocene catalyst and half-metallocene, including constrained geometry 
catalyst (b, CGC), exhibit unique properties (such as efficient high α-olefin insertion). 
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Cl Ti
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Figure 24. Example of metallocene and CGC catalysts 
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In this section, because of the huge amount of literature and reviews, only the last 
decade improvements and new classes of catalysts will be discussed, focusing on post-
metallocene catalysts and excluding all bimetallic catalysts for ethylene polymerization (on 
this subject see the excellent review of Takeushi [160]). Lanthanocenes catalysts are also 
excluded due to the huge varieties of catalysts [161, 162] and a too high oxophilicity. Late 
transition metals will be specially highlighted since these compounds represent the best 
candidates in order to copolymerize ethylene with polar vinyl monomer. 
(1) Group 4 transition metal complexes 
(a) With two monoanionic bidentate ligands 
The most outstanding catalysts for ethylene polymerization among these reported 
quite recently are bis(phenoxyimine) of group 4 transition metals (FI catalyst), which were 
discovered by Mitsui Chemical Co. [163] and Coates [164] independently. Varieties of related 
complexes having two bidentate monoanionic ligands have been explored (see Figure 25). 
These included Ti(IV) and Zr(IV) complexes with phenoxyimine ligands (a), pyrrolide-imine 
ligands (b), O,O- and N,O-chelating ligands (c, d) [165]. Ti(IV) complexes with enolateimine 
ligands (e) [166] and Zr(IV) complexes with phenoxyphosphine ligands (f) [167] and 
amionopyridine ligands (g) [168] are also active in ethylene polymerization.  
FI catalysts show extremely high activities. For example, Ti FI catalysts with 
activities of 90 103 kg mol-1 h-1 bar-1 were reported [169]. For some FI catalysts, a living 
polymerization of ethylene was observed up to 75°C and block copolymers of ethylene and 
propylene were synthesized [166]. 
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Figure 25. Group 4 transition metals with two bidentate monoanionic ligands 
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(b) With one monoanionic tridentate ligand 
Group 4 metal complexes with one monoanionic tridentate ligand such as 
hydridotris(pyrazoyl)borate (Tp) catalyze ethylene polymerization [170, 171]. For example 
Tp ligand having bulky mesityl substituents (see Figure 26 a) show very high activities 
(1.2 106 kg mol-1 h-1 bar-1). Jordan [172] found that Tp catalyst based on Hafnium is free from 
chain transfer, and the high PDI=1.6-3.0 are only due to a slow initiation of the 
polymerization. 
Tang [173] reported Ti complexes that contain phenoxyimine or phenoxyamine 
ligand with P, S, or Se coordinating pendants in the meridional coordination (see Figure 
26 b). 
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Figure 26. Group 4 transition metal with one tridentate monoanionic ligand 
(c) With one dianionic tridentate or tetradentate 
ligand 
Group 4 complexes with tridentate or tetradentate dianionic ligands active for 
ethylene polymerization (see Figure 27) include these with bisphenoxypyridine (a) [174], 
bisphenoxyphosphine (b) [175], bisphenoxydiphosphine (c) [176], salen (d) [177]. and 
calixarene-based ligands (e) [178]. Highest activities were reported with bisphenoxypyridine 
Zr catalyst (up to 37 103 kg mol-1 h-1 bar-1). These catalysts usually afford ultra-high 
molecular weight polyethylene (for example Mn up to 4.2 106 g/mol for Ti calixarene-based 
catalyst). 
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Figure 27. Group 4 transition metal with one tri- and tetradentate dianionic ligand 
(2) Group 5 transition metal complexes 
Studies of group 5 metal complexes with high catalytic activity for ethylene 
polymerization are limited [179], partly due to the thermal instability of the complexes and 
their tendency to be reduced to low valent species. However, appropriate design of the 
supporting ligand enabled catalysis with activity exceeding 104 kg mol-1 h-1. 
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Figure 28. Different classes of vanadium catalysts 
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V(V) catalysts having phenoxy-based ligands (see Figure 28 a, b) have been found to 
be thermally stable and highly active for ethylene polymerization in the presence of an 
organoaluminum chloride co-catalyst (up to 640 103 kg mol-1 h-1) [180]. 
V(V) and V(III) complexes with benzimidazoleamine ligand (see Figure 28 c) are also 
highly active for ethylene polymerization (42 103 kg mol-1 h-1), and the reaction requires a 
small excess amount of the aluminum cocatalyst [181]. 
Finally V complexes with pyrolyl ligands (see Figure 28 d), without any carbon-
vanadium bond, catalyzes ethylene polymerization without addition of a co-catalyst via an 
alkyl shift from aluminum to vanadium (see Figure 29) [182]. 
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Figure 29. Proposed initiation mechanism for pyrolyl vanadium complex 
Nb and Ta complexes active for ethylene polymerization are limited [183], however 
these supported by calixarene ligands promote ethylene polymerization to produce linear 
polyethylene. 
(3) Group 6 transition metal complex 
Heterogeneous Cr catalysts are well known in the industrial production of 
polyethylene. Many homogeneous Cr catalysts with cyclopentadiene-based ligands (Cp) have 
been reported. Recently some Cp-based Cr complexes have been reported [184] to polymerize 
ethylene even in the presence of small amount of cocatalyst (for example using [Al]/[Cr]=25, 
activity of 4 106 kg mol-1 h-1 was reported - see Figure 30 a). 
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Figure 30. Different classes of chromium catalysts 
Non-Cp Cr complexes (see Figure 30) with monoanionic ligands such as 
phosphinophenoxy ligand (b) [185] and neutral ligands such as tris(pyrazolyl)ethane ligand 
(c) [186] and with bis(imino)pyridine ligand (d) [187] are also highly active for ethylene 
polymerization with activity up to 113.103 kg mol-1 h-1. 
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Figure 31. Mechanism of tri- and tetramerization of ethylene by chromium catalyst 
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Catalyst prepared from CrCl3(thf)3 and diphenylphosphineamine (PNP) or 
dithioethylamine (SNS) ligands in conjunction with MAO, promote trimerization and 
tetramerization of ethylene, and have attracted increasing attention owing to their high 
productivity and selectivity (see Figure 31) [188]. Gambarotta and Duchateau [189] reported 
that a Cr complex with tBuNPNtBu ligand catalyzes ethylene polymerization (see Figure 32) 
to yield highly linear polyethylene (with activity up to 33 103 kg mol-1 h-1 bar-1) or its 
oligomerization, giving α-olefins, depending on the type and amount of organoaluminum co-
catalyst. Polymerization of ethylene takes place without any cocatalyst addition to the 
polymerization solution. 
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Figure 32. Monocomponent chromium catalyst for ethylene polymerization 
(4) Group 7 transition metal complex 
Mn complexes that are active for ethylene polymerization are rare (see Figure 33). 
Recently Fujisawa [190] reported a hydridatris(pyrazolyl)borate Mn (a) catalyst for ethylene 
polymerization (activity up to 7 103 kg mol-1 h-1 bar-1). A Mn catalyst with bispyridyldiamine 
ligands (b) [191] shows also low activity for ethylene polymerization 
(<100 kg mol-1 h-1 bar-1). 
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Figure 33. Examples of Mn catalysts 
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(5) Group 8-9 transition metal complex 
Since initial reports of high performance of the Fe and Co complexes with 
bis(imino)pyridine ligands for ethylene polymerization by Gibson [192] and Brookhart [193], 
many research groups have studied olefin polymerization using modified bis(imino)pyridine 
ligands (see Figure 34 a). The Fe and Co catalysts exhibit unique advantages such as very 
high catalytic activity (> 105 kg mol-1 h-1 bar-1), formation of linear polyethylenes, production 
of high molecular mass polymer or oligomerization of ethylene, depending on the bulkiness 
of the arylimino groups of the ligand [194], and end-functionalization of polyethylene caused 
by addition of ZnR2 as a chain transfer agent [195]. However, these complexes exhibit a 
major drawback since no efficient copolymerization with α-olefins has been reported yet. The 
alkyl Fe (b) complex catalyzes ethylene polymerization without the use of co-catalyst [196]; 
this is up to now the only example of monocomponent Fe catalyst for ethylene 
polymerization. 
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Figure 34. Different catalysts of group 8-9 for ethylene polymerization  
Fe and Co complexes with other tridentate as well as bidentate N-ligands such as α- 
and β-diimine (c, d), bisoxazoline (e), and sparteine (f) have been shown to promote ethylene 
polymerization [197, 198], although their activities are not as high as the catalyst supported 
by bis(imino)pyridine ligands. 
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(6) Group 10 transition metal complex 
The Ni and Pd catalysts for ethylene polymerization reported so far are categorized 
in two main groups (see Figure 35): complexes with diimines or bidentate neutral ligands 
(Brookhart type) [199] and complexes with phenoxyimine or monoanionic bidentate ligands 
(Grubbs type) [200]. The Grubbs type catalysts derive from the SHOP (Shell Higher Olefins 
Process) catalyst for ethylene oligomerization and are monocomponent catalysts. 
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Figure 35. Two major classes of Ni and Pd catalysts 
These catalysts tend to produce polyethylene with branched structure as a result of 
frequent β-hydrogen elimination followed by the re-insertion of the vinyl group terminated 
polyethylene (chain walking, see Figure 36). Diimine Ni complexes show higher catalytic 
activity than the corresponding Pd complexes. The Pd catalysts produce polyethylene with 
higher branches level than Ni equivalent complexes and their branching degree can be varied 
depending on ethylene pressure [201]. 
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Figure 36. Chain walking mechanism 
Chapter I 
 I-54 
(a) Brookhart type 
Owing to high tolerance of the Pd complex toward polar functional groups, the 
catalysis is successfully applied for ethylene copolymerization with varieties of polar 
comonomers. Brookhart Pd catalysts are also effective for living polymerization of ethylene. 
Pd complexes with functionalized alkyl ligands initiate the polymerization to produce 
branched polyethylenes (via a living ethylene polymerization) with specific end groups (see 
Figure 37) [202, 203]. 
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Figure 37. Example of functional PE synthesized thanks to functional alkyl ligands 
Catalytic activity of Pd- and Ni-diimines complexes is affected by N-aryl groups of 
the ligand. Guan [204] investigated the electronic effect of the aryl group of diimine ligands 
on the ethylene polymerization systematically. Electron donation to aryl group stabilizes the 
cationic metal center, and increases the turnover number (TON) and molecular weight of the 
polyethylene. 
Other bidentate neutral ligands have been developed for the ethylene polymerization. 
Jordan [205] reported that Pd complexes with bispyridyl methane ligand promote 
dimerization, oligomerization or polymerization of ethylene, depending on the bulkiness of 
substituents of the ligands (see Figure 38 a). 
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Figure 38. Other examples of Brookhart type catalysts 
Ni complexes with diphosphine ligands (b) tend to afford ethylene oligomerization 
due to frequent chain transfer. The introduction of bulky substituents on the ligand enhances 
chain growth to enable formation of high molecular weight linear polymers (Mn up to 
70000 g/mol with an activity of 10 kg mol-1 h-1) [206]. Ozawa and Ionkin prepared Pd (c) 
[207] and Ni (d) [208] complexes with bidentate phosphinidine ligands. These complexes 
catalyze ethylene polymerization to form polymer with a linear structure. 
(b) Grubbs type 
The Ni complexes with phenoxyimine ligands promote ethylene polymerization with 
or without activators such as Ni(cod)2 or B(C6F5)3. The N-aryl m-substitution affects the 
degree of branching and molecular weight of the produced polyethylene, despite remote 
position from Ni center. The substituents on the phenoxy affect especially the activity of the 
catalyst [209]. 
The high tolerance of Ni complex toward polar functional groups even enables the 
polymerization of ethylene in water [210] and in supercritical CO2 [211]. Therefore, the 
polymerization in aqueous media provides polyethylene nanoparticles [212]. 
Other bidentate monoanionic ligands have been developed to undergo catalytic 
polymerization of ethylene. Ni with anilinotropone (see Figure 39 a) or 
annilinoperinaphthenone (b) ligands [213, 214] promotes also polymerization of ethylene 
producing moderated-branched polyethylenes (35-55 branches/ 1000C). 
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Figure 39. Other examples of Grubbs type catalysts 
Shiono [215] reported that Ni complexes with an aminonaphthoquinone ligand (c) in 
conjunction with B(C6F5)3 promotes polymerization of ethylene where the degree of 
branching depends on B to Ni ratio (low branches content without B(C6F5)3 to highly 
branched with B(C6F5)3). 
Bazan [216] reported α-iminocarboxamide Ni complexes (d) with coordinating 
pyridine ligands which promote ethylene polymerization without any co-catalyst to give low-
branched polyethylene with only Me branches. 
Finally, Pd and Ni catalysts using phosphine-sulfonate ligands (e) have attracted 
recent attention for insertion-coordination catalysis. The catalysis was originally reported by 
Drent [217] who performed the copolymerization of ethylene with acrylate, to produce the 
copolymer containing acrylate repeating unit in the main chain (see section D-2 of this 
chapter). These catalysts provide linear PE with relative low molecular weights. 
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(7) Group 11 transition metal complex 
Copper complexes with diimine and phenoxyimine ligands were claimed to catalyze 
homopolymerization of ethylene. However, more recent investigations of the reaction 
revealed that the aluminum complex, formed by the ligand exchange between catalyst and co-
catalyst, is likely to be the active species in all these polymerizations (see Figure 40) [218]. 
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Figure 40. Metal exchange between Al and Cu 
Gibson [219, 220] reported also Al compounds which promote the ethylene 
polymerization. The mechanism of the polymerization by a coordination-insertion is still 
unclear, theoretical calculations predict the involvement of polynuclear active species [221]. 
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C. Homopolymerization of polar vinyl monomer 
In order to copolymerize ethylene with polar vinyl olefins, the mechanism of 
polymerization needs to be chosen wisely. As already mentioned, ethylene can be 
polymerized via a radical pathway or a coordination-insertion mechanism using metal 
complexes. Polar vinyl monomers can be polymerized by a radical, cationic, anionic, or 
coordination-insertion mechanisms.  
Consequently, only radical or coordination-insertion polymerization can be involved 
in a copolymerization of these monomers. In this section, we will shortly review radical and 
coordination polymerization of polar vinyl monomer. In particular, different methods of 
controlled radical polymerization will be presented in order to understand the results obtained 
for the copolymerization in the next section. 
1. Radical polymerization 
Polar vinyl monomer can be polymerized by a radical pathway as ethylene [222]. 
These polymerizations were intensively studied and radical polymerization represents one of 
the most versatile polymerization methods: wide range of solvents, temperatures and 
monomers can be used. Free radical polymerization of polar vinyl monomer follows the same 
mechanism as ethylene radical polymerization described in the previous section. 
In this section, we will describe the major techniques for controlled radical 
polymerization (CRP). Indeed radical polymerization is one of the oldest techniques of 
polymerization; however, it induces major defects, mostly due to the radical itself 
(uncontrolled transfer and termination). Therefore, a challenge of free radical polymerization 
is to limit the effect of the irreversible terminations and transfer reactions. Controlled 
polymerizations induce linear molecular weight increase with conversion and the molecular 
weight distribution remains extremely narrow. Several different mechanisms of control have 
been developed in the last 20 years. All of them are based on the reduction of the radical 
concentration to drastically decrease the probability of irreversible termination. This 
extremely low concentration of growing radicals is controlled thanks to reversible reaction of 
transfer (leading to a non-propagating radical – see Figure 41) or termination (leading to 
compounds with no carbon radical – see Figure 41). 
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Figure 41. Schematic view of controlled radical polymerization mechanism 
a) Nitroxide Mediated Polymerization 
Nitroxide Mediated Polymerization (NMP) is a radical polymerization controlled by 
a reversible termination. Historically, NMP is the first controlled radical polymerization ever 
described. Georges [223] reported in 1993 the controlled polymerization of styrene in the 
presence of benzoyl peroxide and the stable radical TEMPO. Excellent reviews on NMP are 
available [224, 225]. 
Mn
M
N O
N O Mn
 
Figure 42. Schematic view of NMP using TEMPO as stable radical  
Control in NMP is achieved with dynamic equilibrium between dormant 
alkoxyamines and propagating radicals (see Figure 42). Stable Free Radical Polymerization 
(SFRP) is a generalization of NMP where the stable radical is not a nitroxide. Several other 
organic or inorganic mediators have been developed. Wide ranges of monomers have been 
controlled by NMP but this method does not control easily monomers such as MMA. Two 
other disadvantages of NMP are that the mediated stable radical is usually expensive and that 
NMP needs high temperature (over 100°C). 
b) Reversible Addition Fragmentation Chain Transfer 
Reversible Addition Fragmentation Chain Transfer (RAFT) is a radical 
polymerization controlled by a reversible transfer. First RAFT was reported in 1998 [226]. It 
is efficient with a wide range of monomers and initiators to control radical polymerization. 
Excellent reviews have been published on RAFT [227, 228]. 
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Figure 43. Schematic view of RAFT 
RAFT controlled reaction is a chain transfer on the RAFT agent (see Figure 43). 
Several RAFT agents have been designed in order to control most of monomers in a broad 
range of experimental conditions. RAFT is one of the most successful CRP processes due to 
its applicability to a wide variety of monomers but the RAFT agent must be chosen wisely for 
each monomer. 
c) Iodide Degenerative Transfer Polymerization 
Iodide Degenerative Transfer Polymerization (IDTP) is a radical polymerization 
controlled by a reversible transfer. IDTP is certainly the oldest CRP process as it has been 
developed in the eighties by Tatemoto [229] especially for vinylidene fluoride 
polymerization. In this early period even block copolymers were synthesized. Nevertheless it 
is the work of Matyjaszewski [230, 231] in 1995 which reactivated the interest on IDTP.  
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Figure 44. Schematic view of IDTP 
IDTP controlled reaction is an iodine transfer between a dormant chain and an active 
chain (see Figure 44). IDTP is with RAFT one of the most universal techniques as lots of 
monomers can be polymerized by a controlled radical pathway (even vinyl acetate and vinyl 
chloride). However IDTP has one major drawback that iodinated transfer agents are not very 
stable upon storage. 
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d) Atom Transfer Radical Polymerization 
The Atom Transfer Radical Polymerization (ATRP) is a radical polymerization 
controlled by reversible termination. First ATRP system was reported by Matyjaszewki [232, 
233] in 1995 based on chloride copper complexed by a bipyridine ligand. This system shows 
good control of MA and MMA polymerization. Excellent reviews have been published on the 
ATRP [227, 234-236].  
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Figure 45. Schematic view of ATRP  
ATRP controlled reaction is a reversible halogen atom transfer promoted by redox 
equilibrium between an alkyl halide and a metal complex (see Figure 45). Several metals have 
been used in ATRP (Ni, Fe, Pd, Ru, Te, Co), but the most used and studied one remains 
copper. Ligands have also an important influence on the behavior of the ATRP system; 
consequently several ligands have been investigated. ATRP can control most of the polar 
vinyl monomers (acrylates, methacrylates, styrenes). One disadvantage of ATRP is the 
important amount of metal needed. Two major approaches have been developed to solve this 
problem: the heterogenization of ATRP and the ARGET (Activators ReGenerated by Electron 
Transfer) ATRP technique and equivalents which allow to decrease drastically the metal 
concentration. 
e) Cobalt Mediated Radical Polymerization 
Cobalt Mediated Radical Polymerization (CMRP) was first reported by Wayland in 
1994 [237]. The controlled reaction can be either a reversible termination or a reversible 
transfer (see Figure 46). An excellent review on CMRP has been published [238]. 
Mn
M
Mm
M
+ Mn[CoII] [Co
III] Mn
M
+ [CoII] Mm
 
Figure 46. Schematic views of CMRP controlled by termination (left) or transfer (right)  
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Cobalt ligand and solvent have a great effect on the mechanism of CRP. Transfer or 
termination controls are solvent and ligand dependent. Several ligands were developed and 
even other metals were used. CMRP was the first efficient CRP technique reported to control 
VAc which induced a strong development of this method.  
This technique is also the only one involving a metal-carbon bond (contrary to ATRP 
where metal-halogen bonds are involved). This dormant species induces interest since it 
present some similarity with an ethylene polymerization catalyst (possess a metal-carbon 
bond but without a vacancy in cis position).  
2. Polymerization of polar monomer with coordinated 
complexes 
Metal catalyzed homopolymerizations of polar vinyl monomers have been 
intensively studied. Conventional Ziegler-Natta type catalysts (TiCl4/AlR3) are employed for 
syndiospecific polymerization of MMA at low temperature since the sixties. Different 
mechanisms of polymerization have been proposed to explain this polymerization. For early 
transition metal complexes (as well as some late transition metal complexes) Group Transfer 
Polymerization (GTP) is usually the proposed mechanism. A coordination/insertion 
mechanism identical to the catalytic polymerization of ethylene is also proposed for 
complexes (usually late transition metal). The mechanism of polymerization can be 
sometimes unclear since in some cases, a radical initiation was also claimed due to the 
decomposition of the transition metal. 
a) Early transition metals and lanthanides catalysis 
In 1992 Yasuda (see Figure 47) [239] and Collins (see Figure 48) [240] reported the 
controlled polymerization of MMA using respectively samarocene and zirconocene 
complexes. Since this initial achievement, lots of research groups have studied this kind of 
polymerization: development of new catalysts, polymerization of broad range of polar 
monomers, improvement of the stereochemical control. 
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Figure 47. Chain initiation and propagation in MMA polymerization by samarocene 
catalyst 
Zr
thf
Me
MMA
Zr
O
Me
MeO
Zr
O
MeO
Cp2ZrMe2
MMA
Zr
O
MeO
Zr
O
Me
OMe
MMA
Zr
O
MeO
Zr
O
Me
OMe
O
MeO
 
Figure 48. Chain initiation and propagation in MMA polymerization by zirconocene 
catalyst 
Chen published recently an excellent review on the “coordination polymerization of 
polar vinyl monomer by single-site metal catalysts” [241]. Almost all polymerizations of 
polar monomers were done with lanthanides or early transition metals complexes.  
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It should be noted that up to now no coordination polymerization were reported for 
two of the most important classes of polar vinyl monomer: vinyl acetates and vinyl halides. It 
must be due to the same reason that we will develop in section D-2-b-(4) and (5) (OAc or 
halides elimination). 
Some of these complexes can also polymerize ethylene by a living pathway. 
Consequently Yasuda [242] reported since 1992 the successive polymerization of ethylene 
with MMA to produce block copolymers. 
b) Late transition metals 
Some results have been reported with late transition metal like Fe [243, 244], Co 
[244], Ni [244-246], Pd [247, 248], and Cu [249]. Nevertheless, no clear-cut proofs of the 
mechanism have been reported up to now. Authors proposed either a radical, anionic or 
coordination/insertion mechanisms.  
(1) MAO ambiguous role during polymerization 
In all the polymerizations of MMA reported using a late transition metal complex, a 
large excess of MAO was used. Recently Po et al. [250] reported the polymerization of MMA 
or styrene in presence of MAO alone, with an unknown mechanism (radical, cationic, anionic, 
or coordination-insertion). The mechanism of polymerization seems to be mostly monomer 
dependent. 
For MMA a radical polymerization is suspected. Microstructure of PMMA produced 
is the same as a radical PMMA initiated with AIBN [250]. Moreover Sivaram [251] 
demonstrated a radical initiation by the remaining AlMe3 of MAO. However with specific 
ligands, aluminum complexes have been reported [252] to polymerize MMA via a group 
transfer polymerization. 
For styrene, a cationic polymerization is suspected. Saegusa [253] reported as early 
as 1964 the cationic polymerization of styrene and isobutyl vinyl ether with TEA/water/acyl 
halides, which could form in situ aluminoxane. 
Consequently, due to the similarity between the polymer produced by these 
metal/MAO systems and MAO alone, several other evidences must be produced to confirm a 
coordination/insertion mechanism on the transition metal complex. 
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(2) Caution interpretation of radical trap test 
In many publications authors reported the addition of radical traps to the 
polymerization system in order to discriminate between a radical and non-radical 
polymerization. However as shown below this test is not adapted in presence of transition 
metal complexes and/or MAO (see Figure 49). 
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Figure 49. Summary of radical trap side reactions with late transition metal complexes 
and MAO 
Sen [254] demonstrated that MAO interacts with typical radical traps employed to 
discriminate a radical process. He reported that for copper systems in presence of MAO, 
classical radical traps (TEMPO, DPPH, galvinoxyl) do not stop the polymerization despite the 
electron paramagnetic resonance (EPR) evidence of a radical polymerization. Consequently 
radical traps can give false-negative results. 
Novak [248] reported an even more important fact. Radical traps in presence of Pd 
complexes can activate the polymerization of acrylate monomer. Novak proposed that the Pd 
complex activate the monomer via an O-binding and the radical trap acted as a radical 
initiator. Once again the radical trap can give a false-negative result. 
Moreover, radical traps can also react with late transition metals as reported by Sen 
[255]. Then radical traps can also give a false-positive result. 
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Consequently, radical traps are inappropriate to discriminate radical polymerization 
with transition metal and their use should be banished. Other techniques such as EPR, 
analysis of the microstructure and determination of copolymerization reactivity ratios should 
be preferred to confirm a radical polymerization. 
(3) Homolytic cleavage of a metal carbon bond 
Sen [255] reported that a radical trap could induce a homolytic cleavage of a Pd-H 
bond. These results represent a great interest since if a metal carbon homolytic cleavage takes 
place, then the metal could be considered as a radical initiator since it release a organic radical 
which could initiate a polymerization. 
Sen [256] reported also a homolytic cleavage of Pd-carbon bond of a Brookhart type 
Pd complex by adding phosphonium bromide (see Figure 50). This cleavage has been used to 
initiate radical polymerization of MA [257, 258]. Wu [259] proposed a similar mechanism 
with a Ni complex bearing N,O-ligands. The reversibility of the cleavage has been proposed 
but no clear-cut evidence has been provided up to now. 
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Figure 50. Proposed reaction pathway for the homolytic cleavage  
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(4) Results obtained at the LCPP 
Alexandra Leblanc during her PhD [260, 261] at the LCPP demonstrated that some 
Grubbs catalysts (see Figure 51) can perform the homopolymerization of MMA, BuA and 
styrene. However, no homopolymerization of VAc takes place.  
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Figure 51. Ni complexes precursor for radical polymerization of polar vinyl monomer 
Moreover a radical polymerization is clearly involved since the copolymerization 
reactivity ratios of Sty/BuA are identical to a polymerization initiated by AIBN. For 
Sty/MMA and MMA/BuA copolymerizations reactivity ratios are close to the ones obtained 
from a free radical copolymerization. In fact Sty and BuA seem to undergo radical 
polymerization initiated by the Grubbs catalyst. With MMA, copolymerization results 
indicated that an supplementary interaction should take place between the catalyst and MMA. 
Temperature has a crucial importance on this polymerization since MMA 
polymerization yield to high conversion only at temperature over 70°C. Finally, the kinetics 
of the polymerization can be raised by the addition of supplemental phosphine to the reaction 
medium. The most intriguing point is that the addition of phosphine is mandatory to perform 
homopolymerization of BuA.  
Homolytic cleavage of the nickel phenyl bond was proposed to explain the 
generation of radicals in the polymerization media. This is to the best of our knowledge the 
first example of radical polymerization initiated by an ethylene polymerization catalyst 
without any cocatalyst (such as MAO). 
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D. Copolymerization of ethylene with polar vinyl 
monomer 
In order to directly copolymerize ethylene with polar vinyl monomers two different 
pathways have been proposed: a radical copolymerization or a catalytic polymerization. 
In this section, only random copolymerization will be reviewed. All block 
copolymers will be excluded, as well as graft copolymer or other architectures. These 
copolymers were done in several steps. Excellent reviews are available on this kind of 
copolymerization [241, 262, 263]. 
1. Radical copolymerization 
Copolymers of ethylene with polar monomers have a great industrial importance. 
Most of them contain a small amount of the polar comonomer and are so slightly different 
from the polyethylene itself that they are marketed as “improved polyethylene resins”. 
Usually for low comomoner content, polymerization conditions are close to the one of the 
standard industrial free radical ethylene polymerization process. 
In most of the industrial applications less than 20 wt % comonomer content is used in 
order to keep some crystallinity. Acrylate, acetate, acrylic acids are the most common 
comonomers of ethylene used in industry. 
Some of these copolymers are used as adhesives: EEA (ethylene/ethyl acrylate), 
EBAC (ethylene/butyl acrylate), EVA (ethylene/vinyl acetate), EAA (ethylene/acrylic acid), 
and EMAA (ethylene/methacrylic acid). EVA copolymers are primarily used in packaging 
films (meat packaging and stretch-wrap). EEA and EMA (ethylene/methyl acrylate) are useful 
in extrusion coating, coextrusions, and laminating applications; they are also used in soft blow 
molded articles, squeeze toys, disposable gloves. Acrylic or methacrylic acid copolymers 
properties are generally superior to these of EVA copolymers for these applications. These 
copolymers are used for coating on aluminum, in wire and cable applications. Ethylene 
carbon monoxide copolymers are used as “biodegradable” polyethylene: the ketone groups 
permit chain scission by enzymes or light.  
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a) Copolymerization under “high pressure” polymerization 
conditions 
As we already discussed, ethylene can be polymerized by a free radical process 
under high pressure and high temperature. Consequently, several research groups [107, 264] 
use these conditions to undergo copolymerization of ethylene with various monomers. In the 
following table, main results are summarized. 
Table 9. Reactivity ratios for copolymerization [107]  
Comonomer rethylene rcomonomer Pressure (bar) Temperature (°C) 
VAc* 0.16 1.1 100 60 
VAc 0.82 0.99 1020-2040 120 
MA 0.042 5.5 1360 130-152 
BuA 0.052 3 1360 130-152 
MMA 0.03 18 1360 130 
BuMA 0.04 25 1430 130 
AA 0.02 4 1160-2040 140-226 
MAA 0.008 4 2040 160-200 
Sty 0.04 2 1500-2500 100-280 
1-butene 3.4 0.86 1020-1700 130-220 
*: in this case, the copolymerization was performed in emulsion leading to VAE (an 
ethylene/vinyl acetate copolymer with low ethylene content) 
In this case, copolymerization can be in first approximation rationalized thanks to the 
reactivity ratios of both monomers. The composition of the copolymer is determined by these 
four reactions. 
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Figure 52. Reactions controlling the copolymer composition 
Reactivity ratios r1 and r2 are defined by the ratios k11/k12 and k22/k21 respectively. 
Consequently, the copolymer composition is controlled by reactivity ratios and monomer feed 
compositions. 
More recently, Buback et al. studied copolymerization of ethylene with various 
monomers: MA [265], BuA [266], BuMA [267], MAA, AA [268, 269]. Experimental 
conditions are generally 150-300°C and under 2000 bar of ethylene pressure. Results are quite 
similar to the previous ones but with improved precision. 
(1) Effect of pressure and temperature on reactivity ratios 
Generally, as the pressure is increased, the reactivity ratios tend toward unity and the 
r1r2 product also tends toward unity. The same conclusion was obtained regarding the effect 
of pressure on copolymerization in general [270]. In addition, it can be seen that temperature 
has the same effect on rethylene values as pressure. It is noteworthy, however, that these trends 
are so slight that, at elevated pressures and temperatures where the reaction system is known 
to be homogeneous, little or no difference in rethylene values measured at pressures of 1000 to 
2500 bar, and 130 to 220°C are reported [271]. 
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Table 10. Effect of the temperature on reactivity ratios for Ethylene/BuA 
copolymerization at 2000 bar [266] 
rethylene rBuA Temperature (°C) 
0.033±0.004 10±8 130 
0.035±0.003 9±6 150 
0.044±0.004 9.6±2.1 180 
0.045±0.005 4.4±1.4 200 
0.052±0.005 3.4±1.1 220 
 
Nevertheless reaction system transition from homogeneous to heterogeneous (such as 
emulsion), due to temperature or pressure change leads to major variation of reactivity ratios 
(see for example line 1 and 2 of Table 9). 
(2) Chemical structure and reactivity 
Several trends on reactivity according to the different chemical functions can be 
highlighted. Olefins, vinyl ethers, allyl compounds, vinylene compounds and fluorinated 
olefins containing either one or two fluorines are, as general rule, less reactive than ethylene 
toward ethylene radical and their rethylene is in the range of 1 to 10. Vinyl esters and vinyl 
amines have about the same reactivity as ethylene: rethylene values are close to unity. All other 
monomers, based on a heteroatom in α of the double bond, other than nitrogen or oxygen 
(such as silicon, phosphorus, sulfur …) and most halo-olefins are somewhat more reactive 
than ethylene: their rethylene values will be in the range of 0.1 to 1. Acrylic, maleic, and fumaric 
derivatives (nitriles, esters, or acids) are much more reactive than ethylene: rethylene values are 
substantially less than 0.1. 
The considerations in the previous paragraph have only to do with the relative rates 
of incorporation of monomers into a copolymer. Something also should be said regarding the 
overall reaction rate at which a copolymerization might take place. In general, these 
compounds, which do not give resonance-stabilized radicals (acrylic esters, vinyl compounds, 
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olefins, etc), have little or no effect on polymerization rate. The rate is roughly the one 
observed for ethylene homopolymerization.  
When the radical derived from comonomer is resonance stabilized, the rate of 
monomer addition will be decreased. For instance, when such a monomer is present to a low 
extent in the polymerization feed and rethylene is low, the comonomer will be a strong delaying 
agent. Examples of such monomer are butadiene, isoprene, styrene, and acrylonitrile. 
Finally the copolymerizations of carbon monoxide, carbon dioxide, and sulfur 
dioxide do not obey to the normal copolymer model (k11, k12, k21, k22) and hence cannot be 
described by kinetic parameters which take into account only these reactions (r1, r2). For 
example, Furrow [272] has shown that carbon dioxide will react with growing polyethylene 
chains in a free-radical reaction, but that it terminates the chains giving carboxylic acids. It 
does not copolymerize in the usual sense (which would give polyesters). Carbon monoxide 
and sulfur dioxide appear not to obey to the normal copolymer curve of feed composition 
versus polymer composition [273]. It has been reported that these compounds form a complex 
with ethylene which is more reactive than free CO or SO2. Copolymerization has been carried 
out with ethylene and these monomers, and polyketones and polysulfones are the resultant 
products. 
b) Copolymerization under “low pressure” polymerization 
conditions 
Recently, some academicals papers described the copolymerization of non-polar 
olefins with polar vinyl monomers under mild conditions. AIBN for example was used to 
initiate the copolymerization of MA with α-olefins and ethylene [274]. Insertion of ethylene is 
up to 40% but yield remains very low (0.2 g maximum produced in 18 hours). 
This copolymerization was activated by adding a Lewis acid, such as Al2O3 [274], 
Sc(OTf)3 [275]. These acids improve both yield and olefin insertion (insertion up to 50% and 
up 0.3 g of copolymer produced using the same conditions). This activation effect by Lewis 
acid has been predicted by Clark [276, 277], which calculated for the addition in gas phase of 
methyl radical on ethylene that the activation energy decrease from 60.3 kJ/mol to 
25.1 kJ/mol for respectively free ethylene and ethylene complexed with Li+. Beside these 
effects, additions of Lewis acid induce a decrease of molecular weight of the polymer. 
Sen et al. [278, 279] investigated the effect of a wide range of Lewis acids on the 
copolymerization of 1-hexene with MA. This study indicates a strong correlation between the 
strength of the interaction of the acid with a carbonyl of an acrylate group and the acids 
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ability to promote acrylate/1-hexene copolymerization (Figure 53). Moreover, they 
demonstrated that the activation effect of the acid is proportional to the acid concentration. 
 
Figure 53. Copolymerization rate versus change in 13C NMR chemical shift of the 
monomer carbonyl carbon [278] 
With ethylene, copolymers produced have an alternating character and contain only 
isolated units of ethylene. In order to improve the copolymerization control in molecular 
weight and monomer insertion, controlled radical polymerizations have been developed. 
c) Copolymerization thanks to controlled radical polymerization 
Corresponding CRP techniques have been presented in the previous section. 
(1) Nitroxide Mediated Polymerization 
Sen [280] reported the copolymerization of MA with olefins from ethylene to 
1-octene. Insertion of non-polar monomer remained below 15%, and only isolated units were 
observed. Evolution of molecular weight and polydispersity index evidenced a controlled 
radical copolymerization, however molecular weight remained low (Mn<104
 
g/mol and 
PDI<1.1). Yield was also extremely low: maximum of 0.5 g in 30 hours of reaction time. 
(2) Reversible Addition Fragmentation Chain Transfer 
Klumperman [281] copolymerized BuA or MMA with 1-octene by RAFT 
polymerization. Insertion up to 20% of octene was obtained, but molecular weight remains 
extremely low (Mn<1000 g/mol). 
Sen [282] also reported the copolymerization of MA with olefins from ethylene to 
1-decene. Insertion of the non-polar unit is under 20%, and only isolated units were obtained. 
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(3) Iodide Degenerative Transfer Polymerization 
Sen [283] reported the synthesis of an alternating copolymer of 1-octene or ethylene 
with MA, in presence of CH3I or ethyl iodoacetate, with or without AlCl3 to activate the non 
polar olefins insertion.  
Sen [284] also reported the copolymerization of non-polar olefins with vinyl acetate. 
This polymerization occurs in pure vinyl acetate at 70°C with AIBN as initiator. Up to 40% of 
non-polar olefin can be inserted, but Mn remained below 104 g/mol. 
In both publications, the controlled behavior of the polymerization was not fully 
determined. Only the low PDI and the evolution of molecular weight with ethyl iodoacetate or 
CH3I concentration indicated a controlled radical copolymerization. 
Surprisingly, IDTP allows the insertion of ethylene units randomly distributed in the 
polymer chain. Ethylene long sequences have been identified by 13C NMR (peak at 30 ppm). 
(4) Atom Transfer Radical Polymerization 
Sen in 2001 [285] was the first to report the copolymerization of olefins with MA 
using a Cu based ATRP system. Ethylene was inserted up to 15%, and only isolated ethylene 
units were obtained. Once again molecular weight distributions were narrow and Mn was very 
low (Mn<104 g/mol). 
Klumperman [286-288] using an equivalent system synthesized copolymers of 
1-octene with MA or MMA, with similar results (insertion up to 20%).  
More recently, Matyjaszewski [289] reported the copolymerization of 1-octene with 
MMA or BuA using ATRP or ARGET ATRP systems. Using BuA, the incorporation of the 
1-octene was about 20 % and using MMA 10 %. One important point is that the 
copolymerization with MMA stopped at low conversion and control over molecular weight 
distribution was poor, while ATRP of BuA and 1-octene proceeded to relatively high 
monomer conversion with lower polydispersity. 
No adjacent ethylene units have been reported in all these publications. 
(5) Cobalt Mediated Radical Polymerization 
Jérôme et al [290] used CMRP to copolymerize ethylene or 1-octene with vinyl 
acetate. Polymerizations kinetics are extremely slow, with an important induction time, but 
copolymers were synthesized with insertion up to 20%. For ethylene, high molecular weights 
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were reached Mn≈35000 g/mol, PDI≈2.4. For 1-octene, molecular weights were lower but 
distributions were narrower (PDI≈1.1-1.4). The controlled behavior of the polymerization was 
not fully demonstrated. 
CMRP as well as IDTP produced long sequences of ethylene in the copolymer chain 
under low pressure and low temperature. These results are quite unexpected due to the 
reactivity ratios of ethylene in a standard radical polymerization (rethylene<0.01). Consequently 
these results suggest a non-standard behavior of the IDTP and CMRP during the 
copolymerization of ethylene with polar monomer (the reactivity ratio of ethylene must be 
drastically increased to produce ethylene long sequence). 
2. Catalytic copolymerization 
As ethylene can be polymerized by a radical or catalytic pathway, copolymerizations 
were also investigated using Ziegler-Natta catalysts. Very good and recent reviews [291-293] 
have been published; consequently, we will focus only on the major results. 
a) Copolymerization of non-standard polar monomer 
Until recently, most studies on the metal catalyzed coordination-insertion 
polymerization did not employed conventional polar vinyl monomers such as MA, MMA, 
VAC, etc. Instead of it, the monomers employed have a spacer between vinyl and polar 
function. 
OAc
O
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Figure 54. Examples of monomer containing “inaccessible” polar functions 
These monomers allow the use of a wide range of catalysts as the polar function 
interact less with the metal centre. For example using vanadium–based Ziegler-Natta catalyst, 
Amiard copolymerized methyl-5-norbonen-2-2yl ester with ethylene with 1-3% of 
incorporation [292].  
Another method to introduce polar functions in PE is to protect the polar function. 
For example, monoboration of dienes with 9-BBN produces monomers which can be 
polymerized or copolymerized with ethylene [294]. Complexation with aluminum alkyl can 
also be used to hide the polar function to the metal catalyst. 
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Figure 55. Example of protected polar monomer synthesis 
One last very interesting method consist to the copolymerization of ethylene with 
1,6-heptadiene bearing functional groups at 4-position (ester, acetal, imide and amide groups) 
using a Pd catalyst. A cyclization mechanism takes place giving trans-1,2-disubstitued 
cyclopentane group (see Figure 56). Once both double bonds are inserted the cyclopentane 
formed unit is too rigid to allow an efficient coordination of the polar function. Consequently, 
the poisoning by a polar function is highly reduced using this original method. Branched 
copolymers with incorporation of polar group up to 42% have been produced [295].  
All these techniques show good results and copolymerization of ethylene with these 
monomers products up to 60% of polar function in the copolymer. Nevertheless these 
methods are specific and comonomers are expensive compared to standard monomers such as 
MA and MMA. 
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Figure 56. Copolymerization of ethylene using functional non conjugated dienes 
Homopolymerization of ethylene and copolymerization with polar vinyl monomers 
 I-77 
b) Copolymerization with standard polar monomers 
Several research groups have worked on the coordination-insertion copolymerization 
of ethylene with polar vinyl monomers for almost 40 years. No efficient systems with early 
transition metal have been reported up to now. 
In 1996, a major breakthrough was achieved by Brookhart et al. [296], who reported 
copolymerization by cationic Ni(II) and Pd(II) α-diimine complexes. These catalysts were 
active for the copolymerization of ethylene with polar vinyl monomer such as acrylates. 
Nevertheless, these compounds yield highly branched polymers with polar units at the 
extremity of branches. 
In 2002, a second breakthrough was performed by Drent et al. [217]. They obtained 
the copolymerization with a neutral Pd(II) complex which produced a linear copolymer of 
ethylene with MA. 
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Figure 57. Examples of catalysts for the copolymerization of ethylene with polar vinyl 
monomer 
The two major classes of ligands used for the copolymerization of ethylene with 
polar vinyl monomer are α-diimine and phosphine-sulfonate ligand (see Figure 57). In this 
section, different fundamental polar vinyl monomer copolymerizations with ethylene will be 
reviewed. Only single component systems will be discussed in this section. Systems with 
cocatalyst as MAO are excluded due to an unclear mechanism (see subchapter C). 
(1) Acrylates 
As we described in the precious section MA-ethylene copolymer can be synthesized 
thanks to controlled radical polymerization. In this case, ethylene insertions are up to 50% and 
molecular weights remain below 104 g/mol. However low Mn are due to chain transfer when 
polymerization is made by catalysis, contrary to CRP systems in which low Mn are due to the 
low conversion. Coordination-insertion polymerization process has been developed to obtain 
copolymers with less than 50% MA. 
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Due to the high oxophilicity of early transition metal all efficient catalysts described 
are based on late transition metals. 
(a) Cationic palladium α-diimine complex 
Brookhart [296] was the first who copolymerized efficiently MA with ethylene using 
a Pd α-diimine complex. Copolymers obtained were amorphous and highly branched 
(100 branches /1000C). The MA units were predominantly located at the end of the branches 
and were evenly distributed over all molecular weights. The productivity of the 
copolymerization of ethylene with MA was greatly reduced relatively to that of the 
homopolymerization of ethylene (by a factor 4). MA incorporations remain low (up to 12%) 
and Mn up to 105 g/mol were reached. Double or multiple insertions of MA have not been 
detected in the ethylene/MA copolymers. Control experiments [297] confirmed that the 
copolymerization proceeds through a coordination-insertion mechanism rather a radical or 
anionic polymerization. 
Various other acrylic monomers (BuA, EA) were successfully used in 
copolymerization with ethylene. 
Variation of the diimine backbone did not significantly affect the percentage of 
acrylates incorporation in the copolymer, although it influenced the productivities and 
molecular weights. However recently, Guan et al. [298] reported a Pd complex bearing 
cyclophane α-diimine (see Figure 58) which incorporated up to 20% of MA with a great 
efficiency. 
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Figure 58. Guan catalyst for the ethylene MA copolymerization 
The mechanism of the copolymerization of ethylene and MA catalyzed by Pd α-
diimine complexes was confirmed by low temperature NMR experiments [299] as well as 
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theoretical calculations [300-302]. The MA insertion was mostly 2,1-insertion (>95%) to 
form a four-membered chelate. For more bulky acrylates such as tert-butyl acrylate 
1,2-insertion also occurs. A theoretical study shows that ethylene can be further incorporated 
after an MA insertion, only after rearrangement to a six-membered chelate (see Figure 59). 
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Figure 59. Methyl acrylates insertion and rearrangements catalyzed by Pd α-diimine 
complexes 
(b) Neutral palladium Phosphine-sulfonate catalyst 
In 2002 Drent et al. [217] obtained a linear copolymer of ethylene and MA (less than 
1 branch /1000C) with MA incorporation up to 10%. No consecutive acrylate insertions were 
observed. Once again, with this phosphine sulfonate ligand, catalytic copolymerizations were 
performed with various acrylic monomers such as n-butyl, tert-butyl, and benzyl acrylates. 
Mecking [303] using DMSO as ligand (occupying the vacancy for ethylene 
coordination) synthesized copolymer of ethylene with an MA content up to 52%. 
With this catalyst, no rearrangements occur after MA insertion. Consequently, the 
MA units are located in the main linear chain. 
(c) Nickel catalysts 
Nickel catalysts exhibit low activities and low incorporation of MA compared to 
their Pd counterparts. Ziegler et al. [302] investigated the fundamental differences between Pd 
and Ni catalyst for the copolymerization of ethylene with MA. The most important difference 
between Pd and Ni is an initial poisoning of the catalyst by the O-binding of MA due to the 
higher oxophilicity of Ni. 
Johnson [304, 305] reported a copolymerization using Ni α-diimine complex at high 
temperature (120°C) and pressure (340 bar). Less than 1% of acrylates was inserted in a 
moderately branched copolymer (50 branches /1000C). 
Marks [306] also reported the ethylene MA copolymerization with Ni bimetallics 
complexes under mild conditions: 7 bar of ethylene pressure at 25°C. Up to 10% of MA was 
inserted in a moderately branched copolymer (30 branches/1000C). The mechanism proposed 
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to explain this high activity is O-binding on the other Ni to release the vacancy, thus allowing 
the further ethylene coordination-insertion. 
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Figure 60. Proposed resting state after acrylate insertion for bimetallic complex 
(2) Methacrylates 
Methacrylates coordination-insertion copolymerization with ethylene is more 
challenging than acrylates. The coordination ability of 1,1-disubstituted olefins to metal 
center is indeed significantly decreased as compared to that of monosubstituted olefins. 
Indeed α-diimine and phosphine-sulfonate aforementioned catalysts which are active in 
copolymerization of ethylene with MA, have been reported inefficient for the 
copolymerization with MMA. One explanation is the impossibility of β-H elimination after a 
1,2-insertion (the favorable insertion). Consequently, stable five-membered cyclic chelates are 
formed and cannot undergo further insertion of monomer. For example, Sen [307] was able to 
fully characterize this phenomenon. 
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Figure 61. Reaction of MMA with Pd catalyst 
In 2001, Gibson [308] produced ethylene/MMA copolymers using nickel catalysts 
with [P-O] ligand. Copolymers have low molecular weight and exhibit only chain-end MMA 
unit. This experimental result suggested that the chain-end MMA unit was formed via a 
mechanism involving 2,1-insertion of MMA into the growing chain following by β-H 
elimination. Marks [306] also managed to copolymerize ethylene with MMA, with 
incorporation up to 10% thanks to bimetallic catalysts.  
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Numerous other studies report the copolymerization of ethylene with MMA but in 
most cases, a MAO cocatalyst was added [293]. This result should be interpreted carefully 
because careful polymer separations often show that in fact two homopolymers were 
synthesized. 
(3) Acrylonitrile 
As for methacrylates, the major issue with acrylonitrile is the initial poisoning by 
N-binding to the metal. Consequently addition of AN prevents from not only the 
copolymerization but also the homopolymerization of ethylene. Various Pd catalysts were 
tested for this copolymerization but none was efficient [293]. 
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Figure 62. Acrylonitrile poisoning of Pd complexes 
In 2007 Nozaki et al. [309] used a Pd phosphine-sulfonate complex which catalyzed 
the copolymerization of ethylene with AN. Incorporation of AN was up to 10% in linear 
copolymers. 
(4) Vinyl acetate 
For VAc, an other phenomenon contributed to the difficulty of the copolymerization 
with ethylene via a insertion-coordination mechanism. Brookhart et al [310] showed that for 
Pd and Ni α-diimine complexes the β-OAc elimination after 2,1-insertion of VAc (the favored 
insertion) is the major issue (see Figure 63). Moreover, for VAc, no initial O-binding seems to 
exist. Mecking [311] found similar results for [N-O]Ni complexes. 
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Figure 63. Insertion-elimination of vinyl acetate unit 
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Nozaki et al. [312] found a Pd complex which provides the copolymerization of 
ethylene with VAc. Insertion remains below 2% and molecular weights do not exceed 
104 g/mol. This low molecular weight was due to a β-OAc elimination which terminates the 
growing polymer chain. 
(5) Vinyl halides 
The coordination-insertion copolymerization of ethylene with vinyl halides is limited 
due to the predominant β-halogen elimination (see Figure 64). 
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Figure 64. Insertion-elimination of vinyl chloride unit 
Recently Jordan et al. [313] reported the copolymerization of ethylene with vinyl 
fluoride by using phosphine-sulfonate palladium complexes. This copolymerization is only 
efficient with fluoride vinyl. The vinyl fluoride content is below 1%. The actual direction of 
the vinyl halides insertion (1,2 or 2,1) remains unclear. 
(6) Vinyl ether 
Vinyl ether is theoretically one of the most challenging monomers to copolymerize 
by coordination-insertion mechanism. Indeed, these monomers are likely to undergo cationic 
polymerization in the presence of electrophilic metal compounds. Moreover, after insertion 
β-OR elimination is a favored reaction (see Figure 65). 
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Figure 65. Insertion-elimination of vinyl ether unit 
Triphenyl silyl vinyl ether was the first monomer which has been reported to undergo 
coordination-insertion copolymerization using a Pd α-diimine catalyst [314]. Indeed β-OSiPh3 
elimination is kinetically slow and this monomer does not undergo cationic polymerization. 
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Up to 20% of comonomer insertion was reported. Similar results were obtained with other 
silyl vinyl ethers.  
Jordan [315] using phophine-sulfonate palladium catalysts performed the 
copolymerization of ethylene with alkyl or aryl vinyl ether. Linear copolymers with low 
molecular weight were obtained (Mn<5000 g/mol). Monomer insertion remained below 7%. 
(7) Other polar monomers 
Other polar monomers were investigated in the copolymerization with ethylene. In 
this section we will comment only the monomers possessing a polar function directly linked 
to the vinyl function [291-293]. 
Copolymerization of NIPAM (N-isopropylacrylamide) with ethylene was performed 
using Pd phosphine-sulfonate catalyst [316]. Insertion up to 4% has been obtained for a linear 
copolymer. The same system also copolymerizes NVP (N-vinyl pyrolidinone) with ethylene 
[316].  
Vinyl ketones were copolymerized using Pd α-diimine complexes with an insertion 
of 1.3% [296]. Pd phosphine-sulfonate catalyst was also used by Sen et al. [317] leading to a 
insertion of vinyl ketones up to 8%. 
Recently Mecking et al [318] used a phosphine-sulfonate catalyst to copolymerize 
ethylene with methyl or phenyl vinyl sulfone comonomers. Insertions up to 14% in a linear 
copolymer were obtained. 
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3. Conclusion and results obtained at the LCPP 
Copolymerization of polar vinyl monomer with ethylene remains one of the most 
challenging reactions. Both approaches catalytic and radical do not provide all the range of 
possible copolymers (in composition and comonomer available — see Figure 66). 
Polar vinyl monomer insertion %0 100
Catalytic copolymerization Radical copolymerization
 
Figure 66. Range of polar insertion available up to now via radical or catalytic 
copolymerization 
Indeed, under experimental conditions available in the laboratory (P<100 bar), free 
or controlled radical copolymerization of ethylene with polar vinyl olefins provide only 
ethylene insertion up to 20% (40% using IDTP). Usually ethylene units are isolated in the 
polymer chain. At very high pressure, copolymers can be produced by free radical 
polymerization however, its structure is poorly controlled and lots of defect are present 
leading to not ultimate polymer properties. 
Catalytic copolymerizations provide interesting results only with MA. Up to 50% of 
insertion is reached and successive MA units in the chain are reported. However, 
copolymerizations with other polar olefins such as MMA provide poor results and activities 
remain low. 
Consequently, we were convinced at LCPP that a new approach of the 
copolymerization needs to be developed. 
The fact that metal-carbon bond can suffer a homolytic cleavage and thus release a 
radical brought to us a huge interest especially if it takes place with an ethylene 
polymerization catalyst. Thanks to this result, a one-pot synthesis of multiblock copolymer of 
ethylene with polar vinyl monomer could be imagined. Indeed the ethylene polymerization 
catalyst initiates the formation of an ethylene block, then suffers a homolytic cleavage in 
order to initiate the formation of the polar vinyl monomer second block by radical 
mechanism. It remained to find a catalyst that releases its metal carbon bond during the 
ethylene polymerization to initiate a radical polymerization of the comonomer. Moreover, in 
order to access multiblock structure this cleavage has to be reversible (see Figure 67). 
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X
 
Figure 67. Hybrid radical/catalytic polymerization mechanism 
Prior to this work, Alexandra Leblanc [260, 261, 319, 320] already investigated at 
the LCPP this hybrid system in order to synthesize copolymer of ethylene with MMA. Indeed 
she demonstrated that some ethylene polymerization catalyst can initiate the radical 
polymerization of polar vinyl monomers. Therefore using NiNO catalyst (see Figure 51), she 
was able to produce copolymers with ethylene molar content from 0% to 100%. She observed 
that the MMA insertion increases with the temperature of polymerization and decreases with 
the ethylene pressure (25-150 bar). The yield and copolymer composition was also impacted 
by the addition of phosphine such as triphenyl phosphine or tricyclohexyl phosphine. Usually 
the addition of phosphine increases the polar monomer insertion and decreases the yield of the 
copolymerization. Copolymer synthesized exhibit melting point even at MMA content of 
25%. This may indicate that copolymers synthesized are not statistical but must contained 
ethylene blocks. 
However the exact nature of copolymers produced remains unclear as well as the 
mechanism. 13C NMR indicates that the copolymer synthesized must be diblock or composed 
of few blocks as the end block NMR signal was not identified in the spectrum. However, 
careful extraction by various solvent evidences that copolymers are produced. Moreover 
NiNO did not copolymerize efficiently other polar vinyl monomers such as BuA. She 
obtained similar results with NiPO as catalyst/initiator of the copolymerization 
Chapter I 
 I-86 
From these pioneer uncompleted investigations, the present manuscript will develop, 
understand and improve the original hybrid method of polymerization: a radical/catalytic 
“chain shuttling” polymerization (see Figure 67). 
The initial idea of this work was to add an additional source of radical in order to 
improve this system by increasing the frequency of “shuttling” between the two mechanisms. 
The shuttling mechanism will be studied with and without the additional radical source. Then 
the copolymerization using this system with several polar vinyl monomer and ethylene will be 
investigated. 
Before investigating the hybrid mechanism, we will focus first on the basic concept 
of ethylene radical polymerization and copolymerization under medium ethylene pressure 
conditions (up to 250 bar). Indeed there is a lack of study of this polymerization in our range 
of experimental conditions (P<250 bar and T<100°C).  
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In order to fully understand the hybrid polymerization (concept described in 
Chapter I) developed in the last chapter of this thesis (see Figure 1), we have to investigate the 
efficiency of the free radical polymerization of ethylene under our experimental conditions 
(ethylene pressure up to 250 bar and temperature below 100°C). Indeed the composition of 
the block synthesized by radical polymerization could either be purely composed of the polar 
monomer or contain some amounts of ethylene. Before investigating the radical 
copolymerization of ethylene with polar vinyl monomer, the free radical polymerization of 
ethylene will be discussed. 
Met polymer polymer
X
?
 
Figure 1. Hybrid radical/catalytic polymerization mechanism 
Free radical polymerization of ethylene is a well-known industrial process used to 
synthesize LDPE. Industrially it requires severe experimental conditions: a high temperature 
(T>200°C) and a high pressure (P>2000 bar). Nowadays, the free radical polymerization of 
ethylene under milder conditions is assumed to be inefficient. Nevertheless, as mentioned in 
the first chapter, this polymerization can be performed in conditions very different from the 
industrial process. With strong Lewis acids, polymerization can take place even under 1 bar of 
ethylene pressure. Based on these results, free radical polymerization of ethylene has not to be 
underestimated and need to be fully investigated. 
Recently in our laboratory, a new 160 mL reactor has been developed in order to 
reach safely ethylene pressures up to 250 bar. In this range of experimental conditions 
(P<250 bar, and T<100°C) ethylene free radical polymerization has been studied and some 
unexpected phenomena (solvent activation effect, phase transition) take place. These 
investigations are reported in this chapter. 
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A. The free radical polymerization of ethylene 
in organic media 
The work developed in this section was partly published in Macromolecules [1]. 
1. Polymerization in toluene 
First, we confirm that free radical polymerization is possible at low temperature 
(70°C) and low pressure (P<250 bar) in toluene. Toluene is first chosen as solvent because it 
is also the solvent of our catalytic polymerization, which will be presented in the chapter VI. 
AIBN is defined as our reference radical initiator. All polymerizations are performed using 
inert atmosphere (argon) and Schlenk techniques with purified compounds in order to 
eliminate all impurities (especially O2 and peroxides that interact with radicals). 
a) Effect of the ethylene pressure 
We perform the ethylene polymerization at 70°C in 50 mL toluene during 4 hours. 
We use AIBN (50 mg, 305 µmol) as radical initiator. As shown in Table 1 polyethylene can 
be synthesized under these conditions but the yield remains low. 
Table 1. Ethylene pressure influence on the free radical polymerization of ethylenea 
Ethylene pressure 
(bar) Yield (g) 
Melting point (°C)b 
[crystallinity (%)b] Mn (g/mol)
c
 [PDIc] 
25 0 - [-] - [-] 
50 0.25 105.9 [49] 950 [1.7] 
100 0.65 115.9 [63] 2340 [1.9] 
150 0.8 118.3 [56] 2900 [1.9] 
200 1 118.4 [58] 2990 [1.9] 
250 1.3 118.7 [66] 4320 [1.8] 
a: Polymerizations are performed during 4 hours with 50 mg of AIBN at 70°C in 50 mL of 
toluene. b: determined by DSC. c: determined by HTSEC 
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Polymerization occurs only over 50 bar of ethylene pressure, since the quantity of PE 
synthesized at 25 bar is negligible. Over 50 bar yield raises almost linearly with the ethylene 
pressure (up to 1.3 g at 250 bar). This increase is mostly due to the increase of initial 
concentration of ethylene. Indeed, the range of pressure is too narrow to observe other 
pressure effects such as volume activation effect. In fact conversion is almost constant 
(around 2-3%) with ethylene pressure. However at this point of the discussion it is not 
possible to calculate the total initial concentration of ethylene in our system because the 
composition of the polymerization medium is unknown (this will be discussed in the 
following section B). 
The polyethylene produced exhibits low molecular weights (Mn<5000 g/mol) which 
increase with the ethylene pressure from 950 g/mol at 50 bar to 4300 g/mol at 250 bar. These 
low molecular weights are due to the transfer of the macroradical to toluene during the 
polymerization and to the low value of kp/kt1/2. As molecular weight of PE synthesized at 
50 bar is extremely low, we could expect that the hypothetic molecular weight of a PE 
synthesized at 25 bar for example would be so low that only oligomers would be synthesized 
which cannot be isolated by our method of yield determination (evaporation of the solvent, 
then drying of polymer under vacuum).  
Transfer to toluene has been shown by 13C NMR (see Figure 3). If the decomposition 
rate of AIBN is independent of the ethylene pressure, the variation of the number of PE 
chains synthesized (yield/Mn) represents the variation of transfer probability to the solvent. 
The number of chains transferring to solvent slightly increases with the pressure. This effect 
cannot be due to the predicted activation volume from the activated state theory because 
pressure variation is too small. This increase may evidence a raise of the local concentration 
of toluene in the neighbourhoods of the PE macroradical. 
Melting points of PE are surprisingly high (Tm>115°C) excepted for polyethylene 
synthesis at 50 bar (Tm=105.9°C). In this case it must be due to the low molecular weight of 
this PE (Mn=950 g/mol, for a linear alkane of 970 g/mol the melting point is 105°C, see 
annex I). This melting point indicates low branching level (10 branches per 1000 C) of PE 
compared to the high pressure LDPE. In order to quantify this branching level 13C NMR are 
performed (see Figure 3). 
We used Galland et al. [2] notations for branches (see Figure 2). Only butyl and 
longer branches seem to be present in the synthesized PE. This branch type is very different 
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from the one obtained for PE synthesized by catalysis in which methyl, ethyl, and propyl 
branches are produced. More surprisingly is that contrary to the classical LDPE no ethyl 
branches seem to be present. It indicates that the branches content is very low and no 
cumulating back-biting takes place (see extended Roedel mechanism in the first chapter). 
Integration of the 13C NMR spectrum leads to a total of 7 branches per 1000 C. This 
branching level is in agreement with the melting point values. 
BrB4
4B4
2B4
1B4
3B4
αB4 γB4
βB4
e.g. for a C4 branche
 
Figure 2. Example of Galland notation for PE branches 
 
Figure 3. Example of 13C NMR spectrum for PE synthesized in toluene (notation from 
Galland [2]) 
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As the molecular weight is low, chain-ends can also be characterized. Consequently, 
AIBN fragment (from initiation) and tolyl fragment (from transfer to solvent as already 
mentioned) have been identified (see Figure 3). This transfer to organic compounds could be 
an efficient way to functionalize polyethylene oligomers or very low molecular weight 
polymers. 
b) Kinetic investigations of the ethylene polymerization 
We demonstrated that polyethylene can be synthesized by a radical polymerization 
initiated by AIBN radical initiator. Nevertheless, free radical polymerization kinetics and 
dependence on initiator concentration have to be studied in order to confirm that the 
polymerization follows conventional free radical kinetic law: 
[ ]
tot
t
d
p kk
Ifkk
t
x
x
==
∂
∂
−
2
1
1
 (1) 
Where x  is the ethylene conversion, [ ]I  the initiator concentration, f  the 
efficiency factor of the initiator, pk , dk  and tk  respectively the propagation, decomposition 
and termination rate. 
(1) Kinetics of polymerization 
Under 100 bar of ethylene pressure at 70°C, a kinetic study of ethylene free radical 
polymerizations (see Figure 4) is performed. It should be noted that, under such high pressure 
and with a small reactor size, samples collection cannot be easily and accurately achieved. 
Therefore, for each point a polymerization needs to be carried out. Each of these 
polymerizations must be done in the identical conditions, same temperature (the reactor is not 
cooled down between the different points), same ethylene fill up (initial conditions (T, P) of 
the intermediate tank are identical), same AIBN concentration (a master solution was 
prepared and stored in the fridge). Consequently, establishing a reaction profile in our 
experimental conditions is not an easy task. 
To confirm the kinetics of a free radical polymerization, the initial concentration of 
ethylene needs to be known. This determination is not trivial, and will be fully discussed in 
the following (see subchapter B). In our conditions, we calculated that initially 24.9 g of 
ethylene are contained in the reactor (at 70°C, 50 mL of toluene under 100 bar of ethylene 
pressure). 
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Figure 4. Reaction profile of ethylene polymerization initiated by AIBN:  50 mg of 
AIBN under 100 bar of ethylene pressure at 70°C in 50 mL of toluene 
Our system seems to follow the classical 1st order kinetics of a free radical 
polymerization of ethylene since 
x−1
1ln  is proportional to time. After 8 hours of 
polymerization 1.3 g of PE are synthesized. This kinetics profile excludes a possible 
Trommsdorff effect. Indeed, the viscosity variations during the polymerization do not induce 
any variation of the kinetic rate. This is an expected result as PE is not soluble (whatever the 
ethylene conversion) in toluene, therefore polymerization medium remains almost identical 
during the polymerization. 
(2) Effect of the initiator concentration 
AIBN concentration influence has been also confirmed to be in agreement to the 
standard free radical kinetic law. Polymerizations are performed at 70°C under 100 bar of 
ethylene during 4 hours with various initial concentrations of AIBN. The following figure 
shows that 
x−1
1ln  is proportional with [ ] 2/1AIBN  as expected. 
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Figure 5. Influence of initiator concentration on ethylene radical polymerization:  yield 
and  molecular weight* vs AIBN concentration under 100 bar of ethylene pressure 
during 4 h in 50 mL of toluene at 70°C. * determined by HTSEC 
A maximum yield of 2 g was obtained with 512 mg of AIBN. The molecular weights 
only slightly decrease (from 3000 g/mol to 1500 g/mol) with the AIBN content which is in 
agreement with the molecular weight being primarily controlled by transfer to solvent rather 
than termination. From 10 mg to 512 mg of AIBN, the number of PE chains only increases by 
a factor 10 (50 is expected if no transfer and no variation of termination mode takes place). 
All these sets of experiments confirm that a free radical polymerization of ethylene in 
solution can be done under mild conditions.  
2. Polymerization without solvent 
Polymerization of ethylene by a free radical pathway is a well known mechanism, 
but traditionally occurs under harsh conditions (industrially, P>1000 bar and T>100°C) and 
usually in bulk. We demonstrated that ethylene free radical polymerization under mild 
condition with toluene can be performed. Without solvent, in the same conditions, 
polymerization is surprisingly ineffective: 
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Table 2. Free radical polymerization of ethylene without solventa 
Ethylene pressure 
(bar) Yield (g) 
Melting point (°C)b 
[crystallinity (%)b] Mn (g/mol)
c
 [PDIc] 
100 0.1 105.3 [46] 3010 [1.3] 
200 0.2 106.7 [53] 5830 [1.5] 
a: Polymerizations are performed at 70°C during 4 hours with 50 mg of AIBN. b: determined 
by DSC. c: determined by HTSEC 
Polymerization in supercritical ethylene only produce 0.2 g of PE under 200 bar of 
ethylene pressure while in the presence of toluene 1 g of PE is produced. 
It should be noted that without any organic solvent, AIBN is dissolved in ethylene 
itself. Consequently, experiments need some modifications compared to the standard modus 
operandi. AIBN was directly put into the hot open reactor under argon, then reactor was 
quickly closed and ethylene injected (duration of the whole operation is less than 2 min). 
Even in these conditions where no transfer agent is present in the reactor (only PE 
itself acts as a transfer agent and AIBN), molecular weight remains extremely low 
(Mn<6000 g/mol). As we already mentioned in the first chapter ethylene is not an efficient 
transfer agent. If we assume that the AIBN dissociation as well as tk  are identical in toluene 
and in ethylene, toluene transfer capacity can be calculated. In toluene, about 8 additional 
chains are synthesized for each chain synthesized in ethylene alone (therefore ttr vv 8≈ ). 
Moreover, melting points are lower than for PE synthesized in toluene (105°C which 
is standard for a LDPE vs. 115°C). Consequently, PE synthesized exhibit a higher branching 
level (about 20 branches per 1000C). These effects could be due to the slow termination rate 
and the high probability of intramolecular transfer.  
Since the growing PE chain is not soluble in supercritical ethylene far below the 
melting point, PE precipitates, and consequently dramatically decreases the termination 
probability. The local concentration of transferable hydrogen from the PE itself dramatically 
increases therefore transfer to PE increases as well as branching content of the synthesized 
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PE. In toluene the macroradical will precipitate too but some toluene will swell it leading to 
lower branching content. 
Polymerization in toluene is about 6 times more efficient than without solvent in the 
exactly same experimental conditions. This indicates that the solvent has a crucial role in the 
free radical polymerization of ethylene. This effect can be due to an increase of the local 
concentration of ethylene in the polymerization medium or to the solvent itself.  
3. The activation by other solvents of the free radical 
polymerization of ethylene 
As the toluene solvent activated the polymerization of ethylene, other solvents have 
to be investigated, in order to discriminate between an effect on ethylene solubility or of the 
solvent itself. Two other solvents are studied tetrahydrofuran (THF) and diethyl carbonate 
(DEC). THF is a highly polar solvent compared to toluene and DEC is a low transferring 
solvent. 
a) Polymerization of ethylene in THF or DEC 
(1) Pressure effect 
Ethylene free radical polymerizations are performed at 70°C during 4 hours with 
50 mg of AIBN as radical initiator in two other solvents: THF and DEC (see Figure 6). 
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Figure 6. Pressure of ethylene influence on radical polymerization of ethylene in 
different solvents: 50 mg of AIBN during 4 hours at 70°C in 50 mL  of toluene,  
 of THF, ● of DEC  
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Surprisingly, yield of the free radical polymerization is highly solvent dependent. 
Polymerization in THF is 6 times more efficient than polymerization in toluene, and about 
40 times more than the solvent-free polymerization. Polymerization in DEC is less efficient 
than in THF but about 2 times more than in toluene. In all cases the yield increases almost 
linearly with the ethylene pressure. In THF almost 8 g of PE are synthesized in 4 hours under 
250 bar of ethylene pressure (corresponding to 16% of conversion, and only 5% in DEC). 
This solvent activation effect could be due to a difference in the initial ethylene 
concentration. Nevertheless solubility measurements show that ethylene content is about the 
same in various solvents (see subchapter B). Therefore this activation effect can only be due 
to the solvent properties (see subchapter C). 
The melting point of the PE is mostly independent of the solvent. Indeed in the same 
experimental conditions, 100 bar, Tm=115.2°C for PE synthesized in THF, 117.8°C in DEC 
and 115.9°C in toluene. It indicates that the branching level is almost independent of the 
solvent. Crystallinity of PE is in the range of 50-70%. The thermal properties of polyethylene 
are intermediate between the standard properties of LDPE (Tm=98-115°C, crystallinity=30-
54%) and HDPE (Tm=125-135°C, crystallinity=55-80%).  
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Figure 7. Pressure of ethylene influence on PE molecular weight* synthesized by free 
radical polymerization in different solvent: 50 mg of AIBN during 4 hours at 70°C in 
50 mL  of toluene,  of THF, ● of DEC. *: determined by HTSEC 
Molecular weights strongly depend on the solvent (see Figure 7, PDI remain constant 
1.5~2). Under 100 bar of pressure, Mn are respectively 2340 g/mol with toluene, 1190 g/mol 
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with THF and 7150 g/mol with DEC. Molecular weight increases with the pressure from 
oligomer at low ethylene pressure to Mn>1000g/mol. PE synthesized in DEC provides the 
highest molecular weight (Mn up to 10000 g/mol, DPn>400), as expected from its low 
transferring ability. Polymerization in THF leads to the lowest Mn, while it is the most 
efficient solvent for activity. THF is therefore the most transferring solvent. This transfer has 
been confirmed by 13C NMR (see Figure 8).  
If we assume that AIBN dissociation is equivalent in each solvent, we can estimate 
the transfer to solvent capacity by calculating the number of chains formed. It confirms that 
DEC is the less transferring solvent, in the case of ethylene polymerization about 2 times less 
than toluene. THF was about 20 times more transferring than DEC. 
THF-ended polyethylenes are fully identified by 13C NMR (see Figure 8). About 
80% of the PE chains possess a THF-end. These end-functional PE can be considered as 
macromonomers. For example the copolymerization of 1- and 2-polyethylenyl-THF with 
THF via cationic ring opening polymerization could lead to a poly(THF) with PE branches. 
 
Figure 8. Example of 13C NMR spectrum for PE synthesized in THF (notation from 
Galland et al [2]) 
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13C NMR allows to measure the branching level. PE synthesized in THF is the most 
branched with 9 branches per 1000 carbons (in toluene 7 branches and DEC 6 branches).  
Contrary to toluene, where the polymerization leads to significant quantities of PE 
over 50 bar only, free radical polymerization in DEC allows PE to be synthesized at only 
25 bar of ethylene, but the molecular weight at this pressure is very low: Mn=1320 g/mol, 
PDI=2.2. With THF, free radical polymerization of ethylene can even be performed under 
lower ethylene pressure. At 10 bar 0.2 g of PE is synthesized, but it is only oligomers 
(Mn=440 g/mol, PDI=1.3). 
(2) Toward free radical polymerization of ethylene under 
low pressure 
One development of interest is to perform polymerization of ethylene in the mildest 
experimental conditions without using complex methods such as strong Lewis acid used for 
example by Michl [3] to synthesize PE by a radical polymerization at 1 bar. 
In THF, as it allows the synthesis of PE in the lowest pressure range, polymerizations 
are performed to study this low-pressure area at 70°C with 500 mg of AIBN in 250 mL of 
THF during 12 hours (a conventional 500 mL steel reactor was used for these experiments). 
Table 3. Polymerization of ethylene under very low pressurea 
Ethylene pressure (bar) Yield (g) 
1 0 
5 0.2 
10 1.9 
20 8.1 
a: Polymerizations are performed at 70°C during 12 hours with 500 mg of AIBN in 250 mL of 
THF 
Free radical polymerization of ethylene in THF allows synthesis of PE at ethylene 
pressure down to 5 bar. Nevertheless, only oligomerization takes place. PE synthesized 
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exhibit a melting point below 50°C. These kinds of polyethylene do not have the interesting 
properties of PE itself but may be used further as macromonomers. 
(3) Kinetics of polymerization 
At 70°C under 100 bar of ethylene pressure, the kinetics of the polymerization and 
the yield vs. AIBN concentration dependencies were investigated. A good agreement with a 
free radical polymerization kinetic law (equation 1) is obtained (see Figure 9 and Figure 10). 
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Figure 9. Reaction profile of ethylene polymerization initiated by AIBN: 50 mg of AIBN 
under 100 bar of ethylene pressure at 70°C in 50 mL  of toluene,  of THF, ● of DEC 
Polymerizations in all solvents follow the standard free radical polymerization 
kinetic behavior (see Figure 9). These kinetics profiles show that no auto-acceleration takes 
place. As PE is not soluble in any of these solvents, PE precipitates in situ, consequently 
solvent viscosity is not modified by PE synthesized. This set of experiment infirm the 
likelihood that activation effect of solvent is due to the Trommsdorff effect. 
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Figure 10. Influence of initiator concentration on the free ethylene polymerization in 
different solvents: at 70°C under 100 bar of ethylene pressure during 4 hours in 50 mL 
 of toluene,  of THF, ● of DEC 
Yield dependence on AIBN initiator concentration is also in agreement with the 
standard kinetic law (see Figure 10). At high AIBN concentration, up to 14 g of PE (60% of 
conversion) has been obtained in only 4 hours at 100 bar of ethylene pressure in THF. 
Surprisingly a minimal amount of AIBN is required to polymerize ethylene in our conditions. 
Below 5 mg of AIBN (6 10-4 mol/L) no polymerization takes place, and all AIBN is 
consumed by a secondary reaction. As this required quantity seems mostly independent of the 
solvent, the secondary reaction must be due to impurities in the ethylene itself (or some 
oxygen adsorbed at the surface of the reactor).  
Molecular weights decreases as expected with increasing AIBN concentration but 
this decrease remains slight. As with toluene, Mn decrease from 14620 g/mol to 4010 g/mol 
for DEC and for THF from 2000 g/mol to 1250 g/mol. In the last case Mn is mostly 
controlled by transfer to solvent.  
b) Comparison of the Arrhenius parameters of three solvents 
For each of these three solvent, polymerizations at 50°C, 70°C and 90°C and 
pressures of 50 bar, 100 bar, 150 bar, 200 bar, 250 bar during 4 hours are performed in order 
to determine the global Arrhenius parameters (see equation 2). 
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With T  the temperature in Kelvin, R  the ideal gas constant, E  the activation energy 
of propagation ( pE ), termination ( tE ) and initiator decomposition ( dE ), and A  the pre-
exponential fact of propagation ( pA ), termination ( tA ) and initiator decomposition ( dA ). 
Figure 11 shows the yield obtained in THF at various ethylene pressures. Yield 
drastically increases with the temperature, for example at 100 bar of ethylene pressure, 0.6 g 
of PE is synthesized at 50°C, 3.9 g at 70°C and 9 g at 90°C.  
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Figure 11. Influence of the temperature of the ethylene free radical polymerization: 
50 mg of AIBN during 4 hours in 50 mL of THF  at 50 °C,  at 70°C,  at 90°C 
For all solvents, melting points and crystallinity decrease with pressure. For example 
in THF, the PE synthesized under 100 bar of ethylene pressure at 50°C melts at 117.1 °C, 
115.2°C at 70°C and only 108.2°C at 90°C. Crystallinity decreases from 69% to 49%. This 
decrease is expected because at higher temperature PE macroradicals possess a higher 
mobility, therefore transfer reactions to polymer are more frequent.  
For the same reason, PE molecular weights decrease with increasing temperature. 
For toluene, PE synthesized at 50°C under 200 bar of ethylene pressure possesses a Mn of 
3630 g/mol, 2990 g/mol at 70°C and only 2370 g/mol at 90°C. As the crucial parameters to 
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control molecular weight distribution is transfer to solvent, these results indicate that this 
transfer is more frequent with temperature. The higher mobility of PE macroradical may 
explain this result. 
From these findings the global Arrhenius parameters for each solvent can be 
calculated (see Table 4). 
Table 4. Activation energy and pre-exponential factor for each of the solvent. 
Solvent 
Etot - Global activation 
energy (kJ/mol) 
ln(Atot) – Global pre-
exponential factor 
Toluene 27.7 7.6 
THF 32.8 10.3 
DEC 40.0 12.2 
 
Ideally, the determination of the Arrhenius parameters should be performed for each 
polymerization step, but this kind of study is currently incompatible with our conditions of 
pressure (since stopped flow or pulsed laser polymerizations techniques cannot be used). 
Global activation energy and pre-exponential factor values cannot explain simply the 
activity dependence of solvents. Indeed global activation energy factor alone predicts the 
following reactivity order toluene>THF>DEC while pre-exponential factor alone predicts 
another order of reactivity DEC>THF>toluene. It is the combination of both that explains the 
actual order of reactivity. For low energy barriers, the reaction is controlled by the efficiency 
of the reaction, while at high-energy barriers; it is the activation energy. 
If these Arrhenius parameters are suitable for a wide range of temperature (from 
100 K to 700 K) Figure 12 shows the relative activity in each solvent. Toluene is the best 
solvent below 258 K (-15°C). DEC is the most efficient solvent over 456K (183°C). Between 
these two temperatures, THF is the optimum solvent. Finally DEC is a better solvent than 
toluene over 321 K (48°C). This last result has been confirmed by doing polymerization at 
low temperature (30°C) using another low temperature radical initiator (V70 – see Figure 15). 
At 200 bar of ethylene pressure, 0.4 g of PE where synthesized in toluene and 0.2 g in DEC 
(1.3 g in THF).  
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Figure 12. Influence of temperature on the global kinetic constant: — for toluene, 
 — for THF, — for DEC 
4. Study of the initiator 
Up to now, all polymerizations have been performed using AIBN as radical initiator. 
In the following, we will study the influence of various initiators on ethylene free radical 
polymerization in THF. 
a) Initiation efficiency of different initiator 
Several radical initiators (see Table 5) are used in the same molar amount in order to 
estimate their relative efficiency factor. All polymerizations are performed at 70°C in THF 
during 4 hours (see Figure 13). 
PE synthesized with all these initiators possess similar melting temperatures and 
molecular weight distributions (Mn and PDI). Consequently initiators seem to play a role only 
on the initiation mechanism of the free radical polymerization.  
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Figure 13. Polymerization of ethylene with different radical initiators: 50 mL of THF 
during 4 hours at 70°C with 160 µmol   of V40,  of DBP,  of V601,  of AIBN,  
 of V65 
All radical initiators possess different kd therefore lead to different polymerization 
yields. To obtain the relative efficiency factors (f/fAIBN), the efficiency of the ethylene 
polymerization compared to the efficiency of the polymerization with AIBN 
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Figure 14. Correlation of the efficiency of the polymerization vs. the initiator reactivity: 
□ first approximation,  second order correction, — 1:1 line 
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Relative initiator reactivity is in first approximation 
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 (see Figure 14). A good correlation is obtained especially 
with the second order relative initiator reactivity. Consequently, relative efficiency factors of 
initiators can be determined (see Table 5). 
Table 5. Efficiency factor of different initiator for the ethylene free radical initiation 
Initiator Formula t1/2 (min)a f/fAIBN 
V65 N N
CN CN
 
50 0.76 
AIBN 
CN
N N
CN
 
290 1 
V601 N N
O
OMeMeO
O
 
350 0.97 
DBP 
Ph
O
O O
O
Ph
 
1050 0.97 
V40 N N
CN
NC
 
8100 1.04 
a: half-life time of the initiator at 70°C 
Except for V65, efficiency factors of initiators are almost identical. Peroxide initiator 
(DBP) exhibits the same initiation efficiency as azo initiators such as AIBN. For V65, 
efficiency is especially low. This can be due to the too high dissociation constant at 70°C 
(t1/2=50 min).  
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b) Toward polymerization of ethylene at low temperature 
As free radical polymerization is mostly independent of the initiator, experiments are 
performed using V70 (see Figure 15), a low temperature radical initiator, at 30°C (t1/2=10h at 
30°C) during 4 hours in 50 mL of THF (see Figure 16). 
N N
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Figure 15. V70 molecule 
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Figure 16. Free radical polymerization of ethylene at low temperature:  yield and  
∆ molecular weight* vs. ethylene pressure 160 µmol of V70 during 4 hours at 30°C in 
50 mL of THF. *: determined by HTSEC 
At this low temperature, PE still can be synthesized by free radical polymerization. 
Molecular weights are slightly increased in comparison to standard polymerization in THF at 
70°C (at 200 bar of pressure Mn=2000 g/mol at 30°C compared to 1700 g/mol at 70°C).  
As already mentioned, melting temperature of PE increases for low temperature of 
synthesis. Melting points up to 122°C have been observed (for a standard LDPE 100-115°C). 
This corresponds to a moderate branching level (5 branches per 1000 carbon). 
It should be noted that to obtain linear PE, free radical polymerization of ethylene 
could be theoretically performed at very low temperature (ideally below the Tg of PE) using 
for example photoinitiators. In this case the mobility of the macroradical would drastically 
decrease the probability of chain branching. 
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As THF induced a high efficiency of the free radical polymerization of ethylene, 
polymerizations are performed at 20 bar, 10°C overnight with 500 mg of V70 in 250 mL of 
THF.  
In this condition 1.5 g of polyethylene is synthesized with melting point around 
60°C. Consequently, even at low temperature (T=10°C) and low pressure (P=20 bar), free 
radical oligomerization of ethylene can be performed.  
This method of efficient radical polymerization of ethylene under easy-to-access 
experimental conditions allows transfer all classic tools of the radical polymerization 
(controlled polymerization, emulsion, macromonomer synthesis …) to the ethylene free 
radical polymerization. 
5. Conclusion 
Free radical polymerization can be performed under milder experimental conditions 
than the industrial well-known process. Under these conditions solvents used have a dramatic 
influence. The presence of solvent increases the activity and PE melting point in comparison 
to bulk polymerization. 
Surprisingly, activity of the polymerization is also solvent dependent. At 70°C, free 
radical polymerization in THF is almost 6 times more efficient than in toluene and 2 times 
more than in DEC. In THF, PE polymerization can be performed at pressure as low as 5 bar. 
Moreover, the average molecular weights depend on the solvent. DEC is the less 
transferring solvent and PE with Mn up to 10000 g/mol are synthesized. Toluene and THF 
produce lower polyethylene molecular weight with respectively toluene- and THF-ended 
chain. These polymers could be used further for example as macromonomer.  
Finally, various initiators can be used to perform this polymerization, even low 
temperature radical initiator such as V70 which permit the PE synthesis at ambient 
temperature. 
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B. Phase equilibrium in the Ethylene/solvent 
mixture 
An activating solvent effect seems to be identified for the free radical polymerization 
of ethylene. This effect can be due to the solvent itself, or can also be explained by physical 
variation of the polymerization medium according to polymerization experimental conditions.  
In our experimental conditions, two polymerization media can exist: a monophasic 
supercritical medium, in which ethylene and solvent form a unique phase, or a biphasic 
medium, in which some ethylene is dissolved in the solvent where the radical polymerization 
takes place. Consequently, as the initial system is not the same (different initial concentrations 
of ethylene, initiator…), this could explain the polymerization efficiency difference between 
solvents. 
The work developed in this section was partly published in Physical Chemistry 
Chemical Physics [4]. 
1. Solvent volume effect 
The transition between the two systems depends mostly on four parameters: 
temperature, ethylene pressure, solvent critical properties (Tc and Pc) and solvent volume. To 
characterize this transition, polymerizations are performed at different volumes of solvent for 
toluene, THF and DEC using same experimental conditions (P=100 bar, T=70°C, during 
4 hours using 50 mg of AIBN as initiator, see Figure 17) in order to explore from single 
supercritical phase to biphasic. 
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Figure 17. Influence of solvent volume on free radical polymerization of ethylene: 50mg 
of AIBN during 4 hours at 70°C under 100 bar of ethylene pressure  in toluene,  
 in THF, ● in DEC 
Λ-shaped curves are observed for each solvent. At low solvent volume, yield 
increases with the volume; and at high solvent volume yield decreases. Maxima seem to be 
solvent dependent. Different curves were obtained for each solvent (in yield and maximum), 
therefore a solvent activation effect exists. 
At high solvent volume, yield decreases with the solvent volume. In this case, a 
biphasic medium is expected. Therefore, as ethylene concentration remains constant (same 
solubility) while initiator concentration decreases, conversion and consequently yield 
decreases.  
At low solvent volume, yield increases with the solvent volume. In a monophasic 
medium, initiator concentration remains constant with the quantity of solvent and ethylene 
concentration slightly decreases. The only factor which can explain this gain of yield is the 
increase of solvent concentration.  
Consequently, the free radical polymerization of ethylene is activated by the 
presence of solvent. 
As expected polyethylene molecular weights decreases with increasing solvent 
volumes due to transfer of the propagating radical to solvent (see Figure 18). In addition 
molecular weights drop after the maximum due to the sudden increase of solvent 
concentration in the liquid phase after the assumed phase transition. Over this transition as the 
local concentration of solvent remains almost constant, molecular weights reach a plateau. 
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Figure 18. Influence of solvent volume on Mn of polyethylene synthesized: 50 mg of 
AIBN during 4 hours at 70°C under 100 bar of ethylene pressure  in toluene,  
 in THF, ● in DEC 
The maximum yield in THF and toluene is almost obtained for the same solvent 
volume (45 mL). In DEC maximum is reached at lower volume (35 mL). This can be 
explained by the solvent physical properties. Indeed, as we already mentioned in the first 
chapter, critical pressure and temperature are crucial parameters to describe the transition. 
DEC is a much more stringent solvent (the most relevant factor to determine this is cTM
d
 - 
see Table 6) than THF or toluene. Therefore the transition between monophasic and biphasic 
system will occur at lower volume. 
Table 6. Important parameters to determine ethylene/solvent phase transition [5] 
Compounds Pc (Bar) Tc (°C) M (g/mol) 
d (g/cm3) 
at 25°C 
cTM
d
 (mol. K/cm3) 
at 25°C 
Ethylene 50.4 9.2 28.05 - - 
Toluene 41.1 319 92.14 0.87 5.59 
THF 51.9 267 72.11 0.89 6.67 
DEC 33.9 303 118.13 0.97 4.73 
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In addition, if no phase transition takes place, the set of experiments varying AIBN 
concentration or solvent volume should be identical. As shown in the following figure for 
THF at low AIBN concentration (thus high solvent volume) yield per unit of volume is 
identical (for AIBN concentration and solvent volume variations). The two set of experiments 
then diverge from the ratio AIBN/THF of 1.11 g/L corresponding to 45 mL of THF (with 
50 mg AIBN). 
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Figure 19. Influence of AIBN/THF ratio on free radical polymerization of ethylene  
: 50 mg AIBN, 4h at 70°C under 100 bar of ethylene pressure, various volume of THF 
▲ : 50 mL of THF, 4h at 70°C under 100 bar of ethylene pressure, various amounts of 
AIBN 
All these results indicate that a transition takes place between a biphasic medium at 
high solvent volume and a monophasic one at low solvent volume. 
2. Other experimental evidences of the phase equilibrium 
Some other investigations can be performed in order to characterize this transition. 
a) Practical determination of the phase state 
This phase transition can be identified in several other ways. A practical one is that 
when a polymerization is performed in a unique supercritical fluid, PE synthesized lines all 
the reactor walls which is not the case for a biphasic medium. 
This observation is in agreement with the previous set of experiments: at low solvent 
volume, PE lines the entire reactor and at high solvent volume, PE is present only in 
suspension in the liquid solvent phase. Experimentally we observed that PE lines all the 
reactor when polymerization are performed over 150 bar of ethylene pressure at 70°C with 
50 mL of solvent (THF, toluene and DEC).  
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It should be noted that these observations confirm that no polymerization takes place 
in the supercritical phase in the biphasic medium as no PE lines the headspace of the reactor. 
b) Isodensity pressure and temperature behaviors 
A thermodynamical study can also be performed in order to identify these transitions. 
Reactor is filled at ambient temperature by a given pressure of ethylene and a given volume of 
solvent. At this initial time, we are in presence of a biphasic medium. Then the reactor is 
slowly heated until a pressure of 300 bar is reached and cooled down afterwards, in order to 
cross the boundary between biphasic and monophasic medium. Temperature and pressure of 
the reactor are then analyzed in order to identify change of Clapeyron slope ( TP 1ln ∝ ), 
which testifies the transition (see Figure 20). 
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Figure 20. Example of Clapeyron curve of Ethylene/Toluene (50 mL) mixture 
A slight change of the slope is observed and corresponds to the transition between 
the monophasic and biphasic medium. However this method needs much time as for each 
point the thermodynamic equilibrium needs to be reached. This is impossible for the heating 
part but manageable to reach a repeatable result for the cooling part by cooling the reactor 
very slowly (less than 1°C per hour). Consequently the experiment needs almost one week for 
just one point and therefore is highly sensitive to even very small ethylene leaks.  
The phase transition (P and T) can be calculated as the value at the connection of the 
Clapeyron slopes of the biphasic medium and monophasic one. Similar results than the 
previous method are then obtained.  
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Nevertheless due to all the drawbacks of this technique we will not use it to 
experimentally determine the coordinates of the transition. We will prefer the maximum of 
yield versus solvent volume for the radical polymerization.  
3. Thermodynamic determination of the phase diagram 
In order to get the transition conditions between monophasic and biphasic medium, 
the solubility of ethylene in solvent has to be measured in a wide range of experimental 
conditions. 
Solubility of ethylene has been well investigated in the literature in various organic 
solvents but as far as we know solubility is available in the literature only up to 50 bar of 
ethylene pressure [6-8]. 
a) Experimental measurement of the ethylene solubility in 
various solvents 
As solubilization is kinetically extremely slow without stirring, we develop a simple 
modus operandi to measure this solubility directly in our reactor. First the reactor containing 
solvent is charged at a given ethylene pressure and temperature (without stirring) then we 
record over stirring the pressure drop until the equilibrium.  
A Peng-Robinson equation of state is chosen after examination of numerous 
available equations of state as an excellent compromise between simplicity and efficiency. 
According to it, the density of ethylene ( d ) is known in the supercritical phase for each P , T  
(equations 3-4). The difference in density between the initial step (i) (before stirring) and the 
equilibrium (f) is due to the solubilization of ethylene in the solvent ( Es ). To perform the 
calculation the total inner volume of the reactor is determined ( RV  = 230 mL is calculated by 
studying the pressure fall of the intermediate tank when we charge the empty reactor. A mass 
balance gives us: )()( RTfTi VVdVd +=  with TV  the tank volume). The volume of the solvent 
being known ( SV ), solubility was calculated by mass balance through the equation 5. The 
dilatation of solvent ( EV ) due to the solubilization of ethylene was determined by varying the 
volume of solvent at a constant fP . 
 ),( iii TPEOSd =  (3) 
),( fff TPEOSd =  (4) 
SEESRfSRi VsVVVdVVd =−−−− )()(  (5) 
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(1) Pressure effect 
We perform these experiments with our three reference solvents at 70°C. We are able 
to measure the solubility of ethylene up to 140 bar of ethylene pressure (see Figure 21). 
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Figure 21. Solubility of Ethylene at 70°C (in grams of ethylene per initial volume of 
solvent) : in toluene, ▲: in THF, ●: in DEC 
As the figure shows solubility seems to be mostly independent on the solvent itself 
and only dependent on the ethylene pressure. Under 50 bar, solubility vs. pressure is almost 
linear with a slope of about 2 g.L-1.bar-1. This observation has been already reported in the 
literature but no recent study calculated the solubility of ethylene over 50 bar. Over 60 bar, an 
increase of slope occurs up to 9 g.L-1.bar-1.  
(2) Temperature effect 
Same procedures are performed at 50°C and 90°C with toluene. Solubility decreases 
with the temperature at equivalent ethylene pressure. In order to rationalize these results, we 
plot the ethylene solubility in function of the ethylene density (see Figure 22). 
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Figure 22. Correlation between ethylene density and solubility in toluene : at 50°C; 
 : at 70°C; : at 90°C 
Solubility seems to be almost linear with ethylene density and follows the same 
straight line for each temperature. Consequently, we assume in the following that ethylene 
solubility will be equal to three times the ethylene density ( EE ds 3= ). 
b) Phase diagram of Ethylene/solvent mixture 
Thanks to the solubility measurement, we are able to describe fully the initial system 
for the biphasic medium. The monophasic medium can also be described entirely. However, 
at this point of the discussion, the frontier between the two systems remains unknown. 
(1) Theoretical consideration 
Ethylene solubility has been determined up to 130 bar, but the phase transition 
between a biphasic medium at low pressure and a monophasic medium at higher pressure still 
has to be determined. This is done using the Peng-Robinson equation of state (equations 6-10) 
[5] and the standard mixing rules for a and b coefficients (equations 11-12) [5] for a 
bicomponent system (ethylene and solvent). 
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Peng-Robinson equation of state: 
²2² bbVV
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bV
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−+
−
−
=   (6) 
( )[ ]  11²45724.0 22/12 r
c
c Tf
P
TR
a −+= ω  (7) 
where ²26992.054226.137464.0 ωωω −+=f  (8) 
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c
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where P  is the pressure in Pascal, T  the absolute temperature in Kelvin, V  the 
molar volume, R  the ideal gas constant, CP  the pressure at the critical point, cT  the absolute 
temperature at the critical point, ω  the acentric factor, ix  the molar fraction of  compound i 
(solvent or ethylene). 
To calculate the transition we have to determine at each temperature (because a  
varies with T ), the critical pressure and temperature of the ethylene-solvent mixture using 
equations 7-12 for all compositions.  
Mixture composition depends on three parameters only: temperature, pressure of 
ethylene (which determines the amount of ethylene), and volume of solvent (which 
determines the amount of solvent). For each composition and temperature a  and b  are then 
calculated using equations 11 and 12. Then critical parameters of the mixture are determined 
(equations 7 and 10). These critical parameters also depend on ethylene pressure, temperature 
and solvent volume.  
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At a given temperature if TT mixturec <,  and PP mixturec <, , the medium is supercritical 
and monophasic. If TT mixturec >,  a biphasic system is expected with a liquid phase of solvent 
containing dissolved ethylene. PP mixturec >, and TT mixturec <, never occurs due to the intrinsic 
properties of the mixture.  
(2) Example for Ethylene/THF medium 
From these calculations, a phase transition surface can be obtained depending on 
temperature, ethylene pressure, and amount of solvent as shown in the Figure 23 and the 
composition of the medium can be estimated for each coordinate.  
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Figure 23. Phase diagram for Ethylene/THF mixture 
The transition pressure increases with solvent volume and decreases with 
temperature. Above the phase transition surface the system will be a supercritical monophasic 
medium (THF and ethylene in a unique supercritical phase) and below the surface it will be 
biphasic (2 phases with ethylene in both).  
It is noteworthy to mention that the transition surface possesses a certain thickness 
(second order transition) which cannot be precisely determined using our calculation method. 
(3) Other equations of state 
We also performed these calculations with various other equations. Two main 
families are used: 1) equation of state such as Peng-Robinson previously described with a 
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standard mixing rule of the a  and b  parameters, or 2) mixing rules on the critical parameters 
themselves. 
• Equations of states 
o Cubic equations of state 
Cubic equations of state takes into account only interactions between two particles, 
contrary to ideal gas equation in which molecules do not interact. Consequently this kind of 
equation is able to good prediction if the multi-center interactions (3, 4 centers) can be 
neglected. 
22 wbubVV
a
bV
RTP
++
−
−
=  (13) 
In this equation b  represents the covolume of the particles and a  the interaction 
between molecules. P  is the pressure in Pascal, T  the absolute temperature in Kelvin, V  the 
molar volume, R  the ideal gas constant. 
 Van der Waals EoS (VdW) [5]  
0=u , 0=w , 
c
c
P
RTb
8
=  and 
c
c
P
TR
a
64
27 22
=  
With CP  the pressure at the critical point, CT  the absolute temperature at the critical 
point. 
 Redlich-Kwong EoS (RK) 
1=u , 0=w , 
c
c
P
RTb 08664.0=  and 2/1
2/5242748.0
TP
TR
a
c
c
=  
This equation takes into account that the interactions between particles are 
temperature dependent. 
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 Redlich-Kwong-Soave EoS (RKS) [5]  
1=u , 0=w , 
c
c
P
RTb 08664.0=  and ( )[ ]22/122 1142748.0 r
c
c Tf
P
TR
a −+= ω  where 
2176.0574.148.0 ωωω −+=f  
In this EoS, ωf  takes into account the anisotrophicity of interactions between 
particles. With ω  the acentric factor, and 
c
r T
TT = . 
 Peng-Robinson EoS (PR) [5]  
2=u , 1−=w , 
c
c
P
RTb 07780.0=  and ( )[ ]22/122 1142714.0 r
c
c Tf
P
TR
a −+= ω  where 
226992.05226.137464.0 ωωω −+=f  
Peng-Robinson equation uses a mathematical trick to take into account a part of the 
interaction between 3 particles via the factor 2b− . This equation usually has a better 
estimation in high density areas due to this consideration.  
o Non-cubic equations of state 
 Sako-Wu-Prausnitz EoS (SWP) [9-11] 
This equation was developed in order to take into account multiple interactions via 
an additional parameter c  which represents a number of external freedoms (number of 
particles with which a molecule can interact at the same time). 
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0D  and WV  are calculated from the Lennard-Jones potential and are representing 
respectively the first ionisation potential and the Van der Waals volume. 
• Mixing rule on the critical parameters  
Critical temperature and pressure can also be estimated using mixing rules directly 
on the critical parameters of the compounds. 
o Molar average of critical coordinates (CrAv) [5]  
ic
i
imixturec TxT ,, ∑=  and ic
i
imixturec PxP ,, ∑=  
With ix  the molar fraction of compound i (solvent or ethylene). 
o Kay mixing rules (KPG) [5]  
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o Barner and Quinian mixing rules (BQPG) [5]  
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With *ijk  the Barner and Quinian interaction factor between i and j compounds. The 
exact volume of *ijk  is only known for ethylene/heptane mixture ( 13.1* =ijk ), otherwise we 
choose 1* =ijk  and assume that the interaction is neglected. 
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o Lee-Kesler mixing rules (LK) [5]  
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With ( ) '2/1
,,, ijjcicijc kTTT =  and ( )33/1,3/1,, 81 jcicijc VVV +=  
With 'ijk  the Lee and Hesler interaction factor between i and j compounds. The exact 
volume of 'ijk  is only known for ethylene/heptane mixture ( 16.1' =ijk ), otherwise we choose 
1' =ijk  and assume that the interaction is neglected. 
Calculations have been done for each of these methods and results have been 
summarized in the following figure. The transition between the monophasic and biphasic 
medium is plotted at constant volume of toluene (50 mL). 
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Figure 24. Phase transition for 50 mL of toluene with various EoS 
The shapes are similar in all cases but the transition coordinates are strongly 
dependent of the equation used to calculate it. For example at 70°C the Sako–Wu–Prausnitz 
(SWP) predicts a transition at 101 bar and the molar average of critical coordinates (CrAv) at 
165 bar. 
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Peng-Robinson (PR) equation is preferred: it provides the best fit with the 
experimental transition point and the Peng-Robinson equation describes accurately ethylene 
itself.  
(4) Effect of the solubility 
Solubility of ethylene in the solvent phase has also a huge importance in the 
determination of the transition. Molar content of ethylene at a given pressure in the case of a 
biphasic medium is drastically impacted by the solubility of ethylene ( gasEsolEtotE mmm ,,, += ). 
In the following figure we predict the transition with or without taking into account 
the solubility of ethylene in 50 mL of toluene.  
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Figure 25. Phase transition for 50 mL of toluene with (—) or without (—)  taking into 
account ethylene solubility in liquid toluene using the average of critical parameters 
technique (CrAv) 
As the figure shows the solubility drastically decreases the transition to milder 
conditions. For example at 70°C without taking into account ethylene solubility the transition 
takes place at 330 bar and only at 165 bar by taking into account ethylene solubility. Similar 
results are obtained with the other EoS. 
Consequently solubility is a crucial parameter and the more ethylene is soluble in the 
liquid, the lower in temperature and ethylene pressure the transition between the biphasic and 
monophasic medium takes place.  
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(5) Correlation to the experimental evidences 
In order to confirm our theoretical calculations using the Peng-Robinson equation of 
state, we have to confront the prediction to the experimental data assuming that the maximum 
of activity corresponds to the phase transition (see Figure 17). 
(a) Phase transition at different pressures 
In this purpose we perform at several ethylene pressures, some sets of experiment in 
order to determine the optimum THF volume at 70°C. As shown in Figure 26 a quite good 
correlation is observed between theoretical and experimental data which confirm that the 
maximum of yield is got around the transition.  
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Figure 26. Phase diagram for Ethylene/THF mixture at 70°C ―: computed values,  
: experimental measurement based on polymerization studies 
The slight divergence between the experiment and the theory could be only due to 
the non-ideality of the mixture ethylene-THF ( )1( ijjiij kaaa −=  0/ ≠THFEk ). 
(b) Phase transition at different temperatures 
We also determined the optimal volume for THF at two other temperatures: 50°C 
and 90°C. Again results are in agreement with the theoretical data with a slight difference due 
to the non-ideality of THF-ethylene mixture (see Figure 27).  
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Figure 27. Phase diagram for Ethylene/THF mixture at 100 bar ―: computed values,  
: experimental measurement based on polymerization studies 
This difference between experimental and theoretical data may slightly decrease with 
the temperature which would indicate that the interaction parameters between ethylene and 
THF depend on the temperature ( Tkkk THFETHFETHFE 1 /0 // += ). This could be confirmed with 
more experimental data. 
(6) Effect of the solvent on the phase transition 
Similar calculations are applied to toluene and DEC respectively. As shown in Figure 
28 and Figure 29, from Peng-Robinson EoS, THF is the “lighter” solvent and DEC the 
“heavier”. However, these solvents exhibit similar behavior. 
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Figure 28. Phase diagram of Ethylene/Solvent system ―: with 50 mL toluene,  
―: with 50 mL THF, ―: with 50 mL DEC 
Theoretical calculations predict a transition with THF at 70°C and 100 bar at 37 mL 
compared to 40-45 mL obtained experimentally (see Figure 29); for toluene 33 mL compared 
to 35-40 mL and for DEC 27 mL vs. 25-30mL. Our experimental approach is in really good 
agreement with our calculations. As we already mentioned, prediction can be more accurate 
by considering a non-ideal mixture and therefore determine the interaction parameters (kij). 
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Figure 29. Phase diagram of Ethylene/Solvent system ―: at 70°C in toluene,  
―: at 70°C in THF, ―: at 70°C in DEC 
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In the standard experimental conditions 70°C, 100 bar and 50 mL of solvent, in all 
cases polymerization take place in a biphasic medium. Consequently, the differences in 
kinetics observed (see Figure 9) are not due to differences of the medium phase composition. 
It has to be a solvent effect. 
4. Conclusion 
In the experimental conditions used to polymerize ethylene, a phase transition takes 
place between a biphasic (at low pressure and/or low temperature and/or high solvent volume) 
and monophasic medium (at high pressure and/or high temperature and/or low solvent 
volume). In the biphasic medium, the ethylene free radical polymerization occurs only in the 
liquid phase. 
This transition has been theoretically and experimentally determined with relative 
good accuracy. 
No dramatic difference of behavior (in ethylene solubility and phase transition) has 
been obtained between the three solvents investigated (toluene, DEC and THF). Moreover, 
the study of the monophasic zone of polymerization confirms that the solvent itself activates 
the free radical polymerization of ethylene. 
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C. Solvent effect in the free radical 
polymerization 
All these results show that the polymerization medium (monophasic or biphasic) 
does not explain the differences of yield between our three solvents. Then it has to be an 
effect of the solvent itself. 
The influence of the solvent on free radical polymerization of vinyl compounds was 
previously reported by Kamachi [12]. For almost all monomers, it is a tiny effect except for 
vinyl acetate [13] and ethylene [14, 15]. For these two monomers, the kinetics of radical 
polymerization could vary by a factor up to 10 depending on the solvent.  
The early studies for ethylene remain partial due to the experimental conditions 
available at this time (before 1980s). Machi [16] suggested that the solubility of growing 
polyethylene chain could induce the solvent activation effect through a Trommsdorff-Norish 
effect, but his interpretation is still controversial [17]. Myshkin [14] assumed it was a fully 
different mechanism based on the dielectric constant ε of the solvent.  
For other monomers, several explanations for this influence have been proposed but 
none of them is consistent with all sets of data. The influences of solvent on the free radical 
polymerization are due to variations of kinetic rate constants. Variation of the termination rate 
[12, 13] was partially related to the viscosity of the solvent due to diffusion mechanisms. For 
variation in the propagation rate [12, 13, 18, 19], different origins have been proposed as 
polarity, interactions between polymer and solvent, interactions between monomer and 
solvent, and complexation between the propagating macroradical and the solvent. Others 
authors [20-22] suggested that local monomer concentration could also play a major role in 
the solvent activating effect of the free radical polymerization.  
1. Polymerization of ethylene in various solvents 
In order to rationalize this solvent effect we performed the polymerization in a wide 
range of solvents using same experimental conditions (100 bar of ethylene pressure, at 70°C 
during 4 hours using 50 mg of AIBN). 
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a) Free ethylene radical polymerization in a wide range of 
solvents 
The results of this set of experiments have been summarized in the Table 7.  
Table 7. Solvent effect on free radical polymerization of ethylenea 
Run Solvent 
Yield 
(g) 
Melting point 
(°C)b 
Crystallinity 
(%)b 
Mn 
(g/mol)c 
PDIc 
1 None 0.1 105.3 46 3010 1.3 
2 Cyclohexane 0.6 115.5 58 4800 2.2 
3 Heptane 0.65 116.7 55 4700 2.1 
4 Toluene 0.7 115.9 63 2340 1.9 
5 DMSO 1 112.7 43 1910 3.5 
6 Acetonitrile 1.1 115.5 59 1370 2.2 
7 DEC 1.2 117.8 62 7150 2.5 
8 DMF 1.3 108.5 47 530 2.9 
9 Dibutylether 1.3 109.0 52 1370 1.4 
10 Ethanol 1.4 117.6 63 2130 2.4 
11 Acetone 1.5 115.2 62 1710 2.0 
12 Dimethylcarbonate 1.6 117.9 57 11720 2.5 
13 Butanone 1.8 61 nd 370 1.2 
14 Butyrolactone 1.8 nd nd 570 1.4 
15 Butan-2-ol 1.9 116.4 68 2070 2.8 
16 Cyclohexanone 2.1 nd nd 1760 1.5 
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Run Solvent 
Yield 
(g) 
Melting point 
(°C)b 
Crystallinity 
(%)b 
Mn 
(g/mol)c 
PDIc 
17 Butan-1-ol 2.2 117.8 58 4130 2.4 
18 Ethyl acetate 2.3 115.2 54 3760 3.3 
19 Dichloromethane 2.7 105.1 46 1050 1.6 
20 1,4-dioxane 3.2 118.9 65 1300 2.2 
21 THF 3.9 115.2 58 1190 1.9 
a: Polymerizations are performed during 4 hours with 50 mg of AIBN at 70°C in 50 mL of 
solvent under 100 bar of ethylene pressure. b: determined by DSC. c: determined by HTSEC 
As illustrated by the Table 7, yield is highly dependent on the solvent of the 
polymerization (from 0.1 g to 4 g). If we consider that solubility of ethylene is almost the 
same for all solvents (470 g/L under 100 bar at 70°C, the same solubility is measured in 
toluene, heptane, THF, DEC, styrene, MMA, BuA and VAc consequently we hypothesize that 
the ethylene solubility in an organic solvent is almost independent of the solvent itself) then 
conversion without solvent is less than 0.3% whereas in presence of solvent it is from 3% to 
17%. 
b) Molecular weight controlled by solvent 
The molecular weight is strongly related to the solvent due to transfer reactions to 
solvent. The highest molecular weight is reached in dimethylcarbonate (Mn=11700 g/mol – 
run 12), and the lowest in butanone (Mn=370 g/mol – run 13). The transfer capacity of the 
solvent can be related to the calculated number of chains per initiator if we assume that the 
initiator decomposition is almost identical in all solvents. Cyclohexane (Mn=4800 g/mol – 
run 2) is the less transferring solvent, while butanone is the highest. Toluene (run 4) is the non 
polar solvent with the highest transfer capacity, 2.4 times more than cyclohexane. 
Dimethylcarbonate is the less transferring polar solvent (only 1.1 more than cyclohexane).  
Solvents with high solvent transfer capacity can be used to obtain functionalized 
polyethylenes. One of the most transferring solvent is THF, 26 times higher than cyclohexane. 
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This transfer has been already shown with toluene and THF by 13C NMR (see Figure 3 and 
Figure 8). Transfers to solvent are also identified with 13C NMR for other solvents such as 
dioxane (run20, Figure 30), DCM (run 19, Figure 31). 
 
Figure 30. Typical 13C NMR of polyethylene prepared in dioxane (notation from 
Galland et al [2]) 
One interesting solvent for further use of the chain-end functionalized PE is the 
butyrolactone (run 14). It could be used to copolymerize via ring-opening polymerization 
with a lactone in order to obtain polyester with PE branches. 
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Figure 31. Typical 13C NMR of polyethylene prepared in dichloromethane (notation 
from Galland et al [2]) 
The chloro functionalization obtained if polymerization takes place in 
dichloromethane could also be used further in order to access specific functionalities of PE. 
On the contrary, solvents with low transfer ability and high activity provide no 
functional polyethylene. Usually, high activating solvents are highly transferring, except for 
ethyl acetate (run 18) which is a particularly poor transferring solvent (but still 4.9 times more 
transferring than cyclohexane), for butan-1-ol (run 17), and for carbonates (run 7 and 12). 
These solvents could be used to provide PE with relatively high molecular weight (over 
10000 g/mol).  
In summary, free radical polymerization of ethylene in solvent can provide either, 
non-functional/high-molecular weights polyethylenes or functional/low-molecular weights 
polyethylenes.  
c) No simple relation between conversion and the solvent 
properties 
Free radical polymerization of ethylene is strongly dependent on the solvent. This 
high solvent activation effect could not be related directly to any solvent parameters such as 
solvent viscosity, dipole momentum, dielectric constant or solubility parameters (see Annex 
III). THF activates the polymerization 2.8 times more than ethanol (run 12) despite similar 
dipole momenta. Toluene is 4.6 times less efficient than 1,4-dioxane while they exhibit the 
same dielectric constants.  
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2. Rationalization of the solvent effect 
a) Theoretical consideration 
To quantify the solvent effect we use the theory of the activated complex (equation 
15) [23] which links a kinetic constant in a solvent to a kinetic constant without solvent. In 
this theory, the solvent effect is due to the preferential interactions between the solvent and 
the activated complex or the reactants.  
In the case of the free radical polymerization of ethylene, this stabilization is mostly 
due to Van der Waals interactions, that is, Keesom (dipole-dipole), Debye (dipole-induced 
dipole) and London (instantaneous dipole-induced dipole) interactions (equation 16-18). 
Keesom interactions are the main interactions which stabilize the macroradical 
( DebyeKeesom EE >  and LondonE ), since the 1-alkyl radical possesses a dipole momentum.  
Consequently, each kinetic constant of the polymerization ( dk , pk  and tk ) exhibits a 
relation (equation 19) with different solvent properties (ε, µ). Therefore, according to the free 
radical kinetic law (equation 1), yield can be related to 
2


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

ε
µ
 (equation 20). 
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Where k  is any kinetic constant in the solvent, 0k  the constant without solvent, 
R  the ideal gas constant, T  the absolute temperature, G∆  the solvation Gibbs energy of the 
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initial and activated state, r  the distance between the molecules, µ  the dipole momentum, 
α  the polarizability, 0ε  the permittivity of the vacuum, ε  the dielectric constant, h  the 
Planck constant, ν  the absorbing electromagnetic radiation frequency, x  the conversion of 
the polymerization assuming a free radical kinetic law. 
b) Validation of the law 
We plot the conversion versus 
2





ε
µ (Figure 32), in order to confirm our relation. 
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Figure 32. Solvent effect due to Keesom interactions on free radical polymerization of 
ethylene (labels correspond to run numbers in Table 7)  : 50 mg AIBN, 50 mL of 
solvent 4 h at 70°C under 100 bar of ethylene pressure 
The curve obtain is unexpectedly Λ–shaped. A change of behavior is observed for 
Keesom interactions higher than the ones for THF ( 2260
2
1058.0 mC
optimum
−
⋅≈




ε
µ ). At lower 
value of 
2





ε
µ
, yield increases with this parameter, over it decreases. Most of the solvents 
showed a good correlation between polymerization yield and 
2





ε
µ
. 
For alcohols (run 10,15,17) such as ethanol an “over” yield is observed. This can be 
due to the H-bond interaction which has been neglected in the theory. Indeed in these solvents 
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stabilization takes place not only by Van der Waals interactions but also by H-bond 
interactions. 
3. Case of solvent mixtures 
In order to validate this interpretation of solvent activating effect we perform the 
polymerization in the same experimental conditions with different mixtures of toluene, THF, 
and diethylcarbonate (DEC) as solvent (Figure 33). By this way, we artificially change the 
2





ε
µ
 of the solvent by mixing three solvents.  
Standard mixing rules [5] used are respectively for relative permittivity 
∑
=
=
N
i
iiMixture x
1
εε , with ix  the volume fraction of solvent i  and iε  the relative permittivity of 
solvent i , and for dipole momentum ∑∑
= =
=
N
i
N
j
jijiMixture xx
1 1
µµµ , with iµ  the dipole 
momentum of the solvent i . 
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Figure 33. Mixture composition effect due to Keesom interactions on free radical 
polymerization of ethylene: 50 mg of AIBN during 4 hours under 100 bar of ethylene 
pressure with 50 mL  of THF-toluene, ▲ of THF-DEC mixture,  of toluene-DEC 
mixture,  of THF-toluene-DEC mixture  
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In all cases, whatever the mixture composition, the same Λ–shaped curve is observed 
between conversion and 
2





ε
µ
 (see Figure 33). The maximum of activity (yield 4.1 g) is 
reached for 2260
2
1065.0 mC
optimum
−
⋅≈




ε
µ
. Polymerization in Toluene-DEC mixture follows 
the same curve than toluene-THF and THF-DEC mixtures.  
So by tuning the proportion of toluene-DEC mixture we are able to provide the same 
activity as the ethylene polymerization in THF. This evidences that the solvent interaction 
with the alkyl radical is an exact average of the solvent composition and is not due to the 
solvent itself (only dependent on the average 
2





ε
µ ). In other words the solvation shell 
presents the same composition than the overall solvent composition; there is no favorable 
interaction of one of the solvents. 
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Figure 34. Mixture composition influences by Keesom interactions molecular weight of 
PE synthesized: 50 mg of AIBN during 4 hours under 100 bar of ethylene pressure with 
50 mL  of THF-toluene, ▲ of THF-DEC mixture,  of toluene-DEC mixture,  
 of THF-toluene-DEC mixture  
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Using solvent mixtures, a better solvent than THF is provided. Moreover solvent 
mixtures are able to lead to the same activity than any third solvent but the molecular weights 
of the synthesized polyethylenes will be different (see Figure 34).  
For example, a toluene/DEC 50/50 v/v mixture provides about the same 
polymerization activity as THF but does not lead to the same molecular weight: respectively 
3200 g/mol and 1200 g/mol.  
Therefore as the solvent activation effect is a global solvent effect only related to µ  
and ε , and molecular weight mostly controlled by the composition of the solvent used, yield 
and average molecular weight can be tuned easily by choosing a suitable mixture of solvents. 
4. Arrhenius parameters of Toluene/DEC/THF 
To investigate further the Arrhenius parameters of the free radical polymerization of 
ethylene in toluene, DEC and THF are compared to 
2





ε
µ
 values of these solvents (see 
Table 8). 
Table 8. Arrhenius parameters of ethylene polymerization (assuming the validity of 
Arrhenius law) 
Solvent 
2





ε
µ
 
(10-60 C2.m2) 
Etot - Global activation 
energy (kJ/mol) 
ln(Atot) – Global pre-
exponential factor 
Toluene 0.18 27.7 7.6 
THF 0.58 32.8 10.3 
DEC 1.72 40.0 12.2 
a) Relation with the solvent parameters 
Both global activation energy and pre-exponential factor increase with 
2





ε
µ
. 
Lower global activation energy is usually linked to a more favorable reaction. In all solvents 
the polymerization mechanism is considered to be the same, so the change in the global 
activation energy is only due to the relative stabilization of reactant and activated states, 
which differs from one solvent to the other [23]. Solubilization by toluene provides a lower 
energy barrier than in THF and DEC.  
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The global pre-exponential factor is proportional to the frequency of efficient 
collisions. With a higher pre-exponential factor the probability of the mechanism involved to 
occur is supposed to increase. Differences in geometry of activated states in toluene, in THF 
and in DEC could explain the difference of pre-exponential factors. Toluene is less electron 
donor than THF; therefore, more toluene molecules will be necessary to stabilize the radical. 
Consequently, the radical should have a harder solvation shell in toluene than in THF. This 
could explain why the pre-exponential factor is higher in THF than in Toluene. The same 
interpretation could be applied for DEC.  
For these three solvents, a linear relationship seems to exist between Etot and 
2





ε
µ
, 
in the same way ln(Atot) vs 
2





µ
ε
 is linear.  
b) Optimum calculation 
These two relations allow to estimate the Arrhenius parameters for every 
2





ε
µ
 and 
to predict the optimum of solvent activation.  
Free radical polymerization kinetics law links monomer conversion to the global 
kinetic constant. Since we know the Arrhenius parameters dependence to the solvent 
properties 
2
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
ε
µ
, the conversion dependence to 
2





ε
µ
 can be calculated. 
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The optimum depends of the temperature (in Kelvin the relation is 
2260
2
1003.0 mCT
optimum
−
⋅≈




ε
µ ). Using Arrhenius parameters, at 70°C the predicted 
optimum is 2260
2
1056.0 mC
optimum
−
⋅≈




ε
µ
. 
5. Solvent cohesive pressure interpretation 
Solvent Van der Waals interactions are also well described by the cohesive pressure 
parameters. These parameters correspond to the energy to put a solvent molecule at an infinite 
distance to other solvent particles. Consequently, it testifies for the strength of the 
solvent/solvent interactions therefore the rigidity of the solvation cage. 
Therefore, we plot yield versus solvent cohesive pressure (see Figure 35). 
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Figure 35. Solvent influence by cohesive pressure parameters on radical polymerization 
of ethylene (labels correspond to run numbers in Table 7)  : 50 mg AIBN, 50 mL of 
solvent 4 h at 70°C under 100 bar of ethylene pressure 
The curve obtained is Λ–shaped with lower correlation than 
2





ε
µ
 alone. This kind 
of curve testifies for a change of behavior with the cohesive pressure parameters. A two-stage 
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process of the addition of ethylene on the macroradical could explain the experimental results 
(Figure 36).  
At low solvent cohesive pressure, the macroradical and the ethylene solvation cages 
are too labile to confine efficiently ethylene with the macroradical, and consequently induce a 
low efficient addition. By increasing this cohesive pressure, half-life time of this intermediate 
species will increase therefore kP increases. At high cohesive pressure, the limiting process is 
the interpenetration of the two initial solvation cages. The more cohesive the solvent is, the 
less ethylene penetrates the solvent cage of the macroradical, therefore kp decreases. 
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Figure 36. Schematic interpenetration of the solvent effect thanks to two step 
mechanism. With M a monomer, S a solvent, Mn a macroradical. 
It should be noted that the solvent repartition is totally different when Keesom 
interactions or cohesive pressure are used. 
This method leads to a less accurate correlation than 
2





ε
µ
. This may reflect that 
only the solvent/solvent interaction is taken into account. The nature of the reactant and 
product, which lead to different interactions with the solvent (and consequently weaken or 
strengthen the solvation cage) is not considered in this theory. 
6. Interpretation of the solvent optimum 
The optimum of solvent properties is calculated by three different techniques 
2260
2
1065.056.0 mC
optimum
−
⋅−≈




ε
µ
 at 70°C (using different solvents, the mixtures of 
solvents and Arrhenius parameters) with little discrepancy.  
This optimum is close to the 2260
2
1062.0 mC
optimum
−
⋅≈




ε
µ
 of an alkyl radical 
( Cm30105.1 −⋅≈µ  and 9.1≈ε ). The optimum solvent properties could be then correlated to 
the macroradical properties. Dipole momentum µ  is the punctual dipole momentum of the 
radical 1-hexyl. It is determined by MOPAC calculation of partial charge and geometry of the 
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radical i
i
iradical rq
r
∑=µ   with iq  the partial charge of the i  atom, and ir
r
 a vector from some 
reference to the atom i . The relative permittivity ε  corresponds to the permittivity of the 
growing end chain, it could be approximated to a molecule similar to the saturated end chain 
(for macroradical of the free radical polymerization of ethylene we choose heptane).  
Consequently optimum solvent is reached when its 
2





ε
µ
 is the closest to the 
2





ε
µ
 of the propagating radical. 
7. Case of other monomers 
 In order to confirm this correlation between the solvent optimum activation of 
polymerization and the radical properties, the radical polymerization of 1-hexene, vinyl 
acetate (VAc) and 1,1-dichloroethylene (DCE) are performed.  
a) Solvent activation effect with other monomers 
These three monomers are known to exhibit a high solvent effect in free radical 
polymerization [12, 13]. Moreover polymerization of these monomers could be used within a 
certain limits as models of the radical polymerization of ethylene. 1-hexene, a liquid non 
stabilized olefin like ethylene, and VAc free radical polymerization is based on non stabilized 
alkyl radical as ethylene. Finally PDCE is a semi-crystalline polymer as PE.  
Again Λ-shaped curves are obtained for two of the three monomers for conversion vs 
2





ε
µ
 (Figure 37). 
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Figure 37. Solvent influence by Keesom interaction on free radical polymerization  
 : 100 mg AIBN, 90 ml of solvent and 10 mL of VAc 4 hours at 70°C  
 : 100 mg AIBN, 90 ml of solvent and 10 mL of 1-hexene 4 hours at 70°C  
▲ : 100 mg AIBN, 80 ml of solvent and 20 mL of DCE 4 hours at 70°C 
For VAc, a change of slope is observed for Keesom interactions higher than those in 
dichloromethane ( 2260
2
1035.0 mC−⋅≈




ε
µ ). At lower value of 
2





ε
µ
 yield increases with 
this parameter, over yield decreases. The optimal 
2





ε
µ
 seems to occur at about 
2260103.0 mC−⋅ . This optimum is well correlated with the 2260
2
1025.0 mC−⋅≈




ε
µ
 of the 
corresponding radical ( Cm30103 −⋅≈µ  and 6≈ε ) calculated with the same approximation as 
for ethylene ( µ  of radical 1-ethyl acetate and ε  of ethyl acetate). 
For 1-hexene, the same kind of curve is observed with a maximum around 
2260104.0 mC−⋅ . Once again this maximum could be correlated to the corresponding radical, 
2260
2
104.0 mC−⋅≈




ε
µ
 of the alkyl radical ( Cm30102.1 −⋅≈µ  of radical 2-hexyl and 9.1≈ε  
of heptane). 
Chapter II 
 II-152 
For DCE, a non Λ-shaped curve is obtained. It can be explained because 
2260
2
101.0 mC−⋅≈




ε
µ
 ( Cm30103.3 −⋅≈µ  radical 1-(1,1-dichloro)ethyl and 4.10≈ε  of 
1,1-dichloroethane) of DCE radical is too low, then the first part of the curve cannot be 
observed.  
b) Possible interpretation of the solvent activation effect 
The solvent activation effect on the free radical polymerization is correlated to the 
Keesom interactions between the radical and the solvent. This interaction is not punctual but 
due to the average composition of the solvation shell of the macroradical. The decrease of the 
Keesom interaction lowers the global activation energy (due to a decrease of the 
stabilization), as the global pre-exponential factor (due to a thickening of the macroradical 
solvation shell). The intensity of the solvent effect remains an open question. A different 
optimum was observed for each monomer. This optimum 
2





ε
µ is close to the corresponding 
same parameters of the radical 
2





ε
µ
. 
However, the optimum corresponds to the monomer radical, not to the radical AIBN 
fragment. So the initiation (first addition of the monomer) is not determining in the solvent 
activation effect. Indeed if it was the case the optimum 
2





ε
µ
 would be the same for each 
monomer and would correspond to the 2260
2
1002.0 mC−⋅≈




ε
µ
 of the radical AIBN 
( Cm30101.1 −⋅≈µ  and 25≈ε ). Consequently it must be the propagation and/or termination 
steps which are influenced by the solvent. 
For standard monomers (MMA, Sty, BuA), the solvent effect remains tiny [12, 13]. 
These monomers possess higher propagation rate and lower termination rate than the 
monomers which exhibit a solvent activation effect. As the activity is proportional to 
t
p
k
k
 
the absolute variation of these kinetics rates must be higher to exhibit a solvent effect. So only 
monomers, which possess low propagation rate or high termination rate, seem to express a 
high solvent effect.  
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8. Conclusion 
Free radical polymerization of ethylene can be performed under mild conditions 
(P<250 bar and T<100°C) in a wide range of solvents. These polymerizations exhibit some 
unexpected behaviors such as a high solvent activation effect and a phase transition of the 
polymerization medium between a monophasic one and a biphasic one. 
At this point of the discussion we investigated two major effects on the free radical 
polymerization of ethylene: the phase transition behavior and solvent effect. No correlation 
exists between these factors. Phase transition depends mostly of the critical parameters of the 
solvent (Tc and Pc) while the solvent activation effect depends of 
2





ε
µ
. 
In order to reach higher activity we demonstrate that polymerization must be done 
near the frontier (between monophasic and biphasic medium) and with an optimal 
2





ε
µ
.  
Solvent transfer capacities have also crucial importance on the synthesized PE. Since 
the alkyl radical possesses a high reactivity, the transfer constants to solvents are high and for 
most of the solvents it is the transfer which controls the molecular weight of the PE 
synthesized. This transfer to solvent can be used to functionalize PE by chlorine (with DCM) 
or lactone (with γ-butyrolactone) for example. Then the functional PE can be used as a 
macromonomer in order to access novel architecture, or as reactant. Finally, carbonates are 
the less transferring solvents and Mn values up to 15000 g/mol are reached. This molecular 
weight over the entanglement mass should lead to some interesting properties. 
In the next sections we will investigate the role of additional compounds such as 
Lewis acid or controlled agents on the radical polymerization of ethylene. 
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D. Lewis acid effect on the ethylene radical 
polymerization 
Free radical polymerization of ethylene is solvent dependent. Therefore, in order to 
activate the polymerization the solvent must be chosen wisely.  
Another method to increase activity of the polymerization was demonstrated by 
Clark [24, 25] using activation of the ethylene double bond by Lewis acid. Consequently, in 
this section we will investigate the influence of Lewis acid on the radical polymerization of 
ethylene. 
1. Investigation of Lewis acids 
In classical experimental conditions (100 bar of ethylene pressure, 70°C 4 hours in 
50 mL of solvent with 50 mg of AIBN), we add 50 mg of Lewis acid. Bipyridine is also 
added to the mixture in order to dissolve the Lewis acid (polymerization with bypiridine alone 
does not affect the polymerization compared to the reference). Results are summarized in the 
following table. 
Table 9. Lewis acid influence on the free radical polymerization of ethylenea 
Solvent Lewis acid Yield (g) Mn (g/mol)b PDIb 
Toluene – 0.65 2340 1.9 
Toluene CuCl 1.0 2170 1.9 
Toluene CuCl2 0.7 2310 1.8 
Toluene FeCl2 0.8 2940 1.8 
Toluene FeCl3 1 3100 1.8 
Toluene AlCl3 0.5 1780 2.1 
Toluene ScTf3 0.6 2850 1.8 
THF – 3.9 1190 1.9 
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Solvent Lewis acid Yield (g) Mn (g/mol)b PDIb 
THF CuCl 1.8 1910 1.8 
THF CuCl2 2.2 1380 1.9 
THF FeCl2 2.3 1660 2.0 
THF FeCl3 1.6 1830 1.7 
THF AlCl3 1.6 1860 1.6 
THF ScTf3 3.0 1590 1.7 
DEC –
 
1.2 7150 2.5 
DEC CuCl 1.5 6880 2.6 
DEC CuCl2 1.2 6730 2.5 
DEC FeCl2 1.3 6540 2.5 
DEC FeCl3 1.8 6540 2.4 
DEC AlCl3 1.3 5360 3.4 
DEC ScTf3 2.0 7450 2.8 
a: Polymerizations are performed during 4 hours with 50 mg of AIBN at 70°C in 50 mL of 
solvent under 100 bar of ethylene pressure with 50 mg of Lewis acid and 150 mg bipyridine. 
b: determined by HTSEC 
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In toluene almost all Lewis acids lead to a better activity (especially for CuCl and 
FeCl3). As we mentioned previously toluene interaction with radical and ethylene is 
negligible (almost no solvent activation effect), then the addition of a Lewis acid could 
increase slightly the efficiency of the free radical polymerization of ethylene via an activation 
of the ethylene double bond as predicted by Clark.  
In THF, all Lewis acids investigated decrease the efficiency of the polymerization. 
THF exhibits a high solvent activation effect therefore these Lewis acids seems to disturb the 
activation by THF. 
In DEC all Lewis acid increase yield. ScTf3 and FeCl3 lead to the highest activity. 
Surprisingly the strong Lewis acid ScTf3 is an activator only in DEC.  
The rationalizations of these effects are not an easy task as Lewis acid and solvent 
play major roles in the free radical polymerization of ethylene. Clark calculations predict a 
drastic increase of the yield of polymerization. This is not the case here and it is mostly due to 
Clark hypothesis of a gaseous polymerization in which no interaction occurs between 
ethylene and solvent. 
2. Investigation of metal alkyl and alkoxides 
Metal alkyl effect on the free radical polymerization is also studied. We perform the 
polymerization in the same experimental condition (100 bar of ethylene pressure, 70°C during 
4 hours in toluene and using 50 mg of AIBN). In each case, we perform the polymerization at 
the same organometallic concentration 0.02 mol/L, therefore corresponding to an excess of 
3 times of the AIBN contained. In this study, only toluene is used as solvent. Results are 
summarized in the following table. 
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Table 10. Metal alkyls influence on the free radical polymerization of ethylenea 
Metal alkyl Yield (g) Mn (g/mol)b PDIb 
- 0.65 2340 1.9 
ZnMe2 1.1 2950 1.6 
ZnEt2 0.6 840 1.1 
BuMgOct
 
0.2 410 1.6 
BEt3 0.8 4070 1.6 
MAO* 0.4 3580 2.0 
AlEt3 1.3 970 1.1 
Al(iBu)3 0.5 2510 1.9 
Al(nOct)3 0.2 1140 1.1 
Al(OiPr)3 0.7 2370 2.1 
a: Polymerization are performed during 4 hours with 50 mg of AIBN at 70°C in 50 mL of 
toluene under 100 bar of ethylene pressure with 0.02 mol/L of metal alkyl. b: determined by 
HTSEC. *: AlMe3 free 
ZnMe2 and AlEt3 are the only activating agent of the polymerization. If longer alkyl 
chains are used the activity drastically decreases: for example from 1.3 g to 0.2 g for the 
aluminum series.  
MAO and BuMgOct deactivate the free radical polymerization of ethylene. Al(OiPr)3 
seems to have no effect on the polymerization yield and the MWD of the polyethylene 
produced. BEt3 leads to a slight activation of the polymerization together with an increase of 
molecular weight.  
For ZnEt2 and AlEt3 molecular weight also decreases and MWD became extremely 
narrow. This narrowing with important decrease of Mn could be due to a control of molecular 
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weight by metal alkyl. With ZnEt2, 2.6 times more chains are synthesized, 4.8 for AlEt3, 
compared to the polymerization without alkyl metal. This means that 1.7 times more chains 
are synthesized with AlEt3 vs. ZnMe2, almost equal to the ratio of Al-C bond/Zn-C bond 1.5. 
Moreover, total number of chains is 1.3 chains per Al-C bond and 0.7 Zn-C bond. 
This effect is not due to an “Aufbau” reaction since the polymerization with the 
metal alkyl alone is inefficient with all metal alkyl studied. 
Consequently, these compounds (ZnEt2 and AlEt3) could play the role of a 
controlling agent via a mechanism of degenerative transfer similar to RAFT (see Figure 38). 
These results are promising toward the possibility of controlling the ethylene radical 
polymerization and will require to be investigated further. 
P Al
RR
R
Al
R
R
P
R+ +
 
Figure 38. Proposed mechanism of controlled of ethylene radical polymerization by 
AlEt3 (similar mechanism should be involved for ZnEt2) 
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E. Toward controlled radical polymerization 
Free radical polymerization of ethylene can be performed with significant yield. One 
point of interest is to develop controlled polymerization of ethylene. Two systems are chosen 
for some tryouts of CRP: RAFT and Co mediated CRP. These methods are promising for the 
ethylene CRP as they are already reported to control efficiently VAc which polymerizes via a 
non stabilized radical as ethylene does. 
We also perform tryouts in NMP, under 250 bar of ethylene at 110°C using TEMPO 
or SG1 but no polyethylene has been synthesized. Under this temperature, no homolytic 
fragmentation of the carbon-nitroxide bond takes place and therefore the ethylene 
polymerizations are totally inhibited. 
1. RAFT 
In order to assess the controlled behavior of the polymerization we studied the 
kinetics profile of the reaction. We perform set of experiments at 100°C in THF under 250 bar 
of ethylene pressure with in all cases a RAFT agent (O-ethyl-S-(1-ethyl 
acetate)dithiocarbonate (xanthate of vinyl acetate, Figure 39) with a ratio RAFT/AIBN 10/1 
(see Figure 40).  
S O
SOO
 
Figure 39. RAFT agent used 
The RAFT agent itself has a crucial role. For example the polymerization has been 
also performed in the same conditions with O-ethyl-S-(1-phenylethyl)dithiocarbonate 
(xanthate of styrene) and O-ethyl-S-ethyldithiocarbonate (xanthate of ethylene), but no 
polymer has been synthesized.  
Moreover solvents are also important as no polymer is synthesized in DEC or toluene 
in the same experimental conditions using 50 mg of AIBN. Finally under lower pressure 
(100 bar) and temperature (70°C) no PE is synthesized as well. Consequently the harsh 
conditions used are mandatory in order to obtain some polymer. 
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Figure 40. Reaction profile of the radical polymerization of ethylene with a RAFT agent 
and 10 mg of AIBN at 100°C under 250 bar of ethylene pressure in 50 mL of THF:  
 yield versus time,  molecular weight* versus time. *: determined by HT-SEC 
With low AIBN concentration (10 mg) molecular weights remain almost constant 
with the conversion. Polymerization without RAFT agent provides 8 g of PE in 4 hours with 
molecular weight of 1520 g/mol compared to 3.4 g of PE with Mn equal to 1590 g/mol in the 
presence of the RAFT agent. Consequently activity is lower with the RAFT agent which 
indicates a interaction between the radical and the xanthate. However Mn is almost identical 
to the polymerization without the RAFT agent therefore the transfer to THF seems to control 
the MWD. Consequently we do not control the radical polymerization of ethylene. 
Two methods can be developed in order to reach a better control of the 
polymerization, to increase the control agent concentration or to choose a less transferring 
solvent. As we already mentioned polymerization is inefficient in toluene or DEC. 
Consequently we perform a second set of experiment using 50 mg of AIBN (see Figure 41).  
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Figure 41. Reaction profile of the radical polymerization of ethylene with a RAFT agent 
and 50 mg of AIBN at 100°C under 250 bar of ethylene pressure in 50 mL of THF:  
 yield versus time,  molecular weight* versus time. *: determined by HTSEC  
In this case with 5 times more RAFT agent than the previous set of experiment, a 
good correlation between Mn and ethylene conversion seems to be observed (see Figure 41 
and Figure 42). PDI remains about 1.5. Polymerization without xanthate provides in 4 hours 
23 g of polyethylene with Mn≈1500 g/mol in the same experimental condition (compared to 
4 g of polyethylene with Mn≈1340 g/mol). However control is not perfect as the number of 
polyethylene chains increase with the conversion which indicates that some dead chains are 
produced (see Figure 42). 
0 1 2 3 4 5 6 7 8 9
0
500
1000
1500
2000
2500
3000
3500
4000
4500
5000
5500
6000
6500
7000
N
u
m
be
r 
o
f P
E 
ch
a
in
 
pe
r 
R
AF
T 
a
ge
n
t
M
n
 
(g/
m
ol
)
Yield (g)
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
2.2
2.4
 
Figure 42. Evolution of the molecular weight* and chain number with yield:  
— theoretical curve for molecular weight,  molecular weight, –– number of chain 
per RAFT agent. *: determined by HTSEC 
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These results are very interesting and lot of complementary study needs to be done in 
order to progree in the direction of the controlled radical polymerization behavior of ethylene. 
2. Co mediated CRP 
Another promising controlled radical polymerization of ethylene is the cobalt 
mediated one. We perform the polymerization at 90°C under 250 bar of ethylene pressure in 
THF with 50 mg of AIBN using 10 equivalents of Co(Acac)2 (see Figure 43).  
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Figure 43. Reaction profile of the radical polymerization of ethylene with Co(Acac)2 and 
50 mg of AIBN at 90°C under 250 bar of ethylene pressure in 50 mL of THF:  yield 
versus time,  molecular weight* versus time. *: determined by HTSEC 
In this case, molecular weights increase with time and yield. As shown in Figure 44, 
variation of the molecular weight versus the yield is close to the theoretical one. PDI is almost 
constant with the yield and remains about 1.5. Moreover number of chains per Co is nearly 
constant during the polymerization and remains at approximately 1 (see Figure 44). 
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Figure 44. Evolution of the molecular weight* and chain number with yield: 
 — theoretical curve for molecular weight,  molecular weight, –– number of chain 
per Co(Acac)2. *: determined by HTSEC 
Cobalt mediated radical polymerization at the light of these tryouts seems to be a 
very promising method in order to reach the control of the radical polymerization of ethylene. 
However other experiments need to be performed in order to confirm the controlled behavior 
of this polymerization (such as block copolymerization). 
It should be noticed that a branched PE is produced in all cases, consequently 
intramolecular transfer takes place even in these “controlled” conditions. Up to now we 
reached a control of the molecular weight but not of the branching level. 
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F. Conclusion 
From an industrial process which requires extremely high energy consuming 
experimental conditions (P>1000 bar and T>100°C) we develop the polymerization under 
milder conditions, previously assumed to be inefficient. Solvent activation effect and 
transition between mono and biphasic medium have been investigated. 
Solvents have a crucial importance for the yield of the polymerization with 
conversions from 0.3% to 16% in the same experimental conditions. This solvent activation 
effect has been rationalized using Keesom parameters. Moreover molecular weights also are 
solvent dependent from 400 g/mol to 12000 g/mol. This dependence is due to transfer to 
solvent which can be used to functionalize PE. Indeed THF-ended or chloro-ended 
polyethylene are obtained. This can be used to produce macro-monomer for example.  
Using specific solvents allows the free radical polymerization of ethylene under very 
low pressure (5 bar) and temperature (10°C). PE produced under low temperature exhibits 
particularly high melting point 122°C for polyethylene produced by a free radical 
polymerization. 
The transition between the monophasic and biphasic medium has also a crucial 
importance on the polymerization. Indeed the monophasic medium could induce some safety 
issue (if PE synthesized block degassing tube or safety valves for example). Yield and 
molecular weight of PE are also dependent to the phase as the solvent concentration is 
different in the two possible media. 
Finally, we investigate the possibility to activate the polymerization by Lewis acid. 
This study does not give thorough results in their purpose but shows promising results in the 
control of ethylene radical polymerization by metal alkyl. Then we tried to control this 
polymerization by a system reported for the VAc CRP. CoAcac systems show very promising 
results which need further investigations. 
This polymerization has two major drawbacks: it requires organic solvent and leads 
to low molecular weight compared to industrial LDPE. In order to overcome these issues we 
will develop in the next chapter the radical polymerization of ethylene in water. 
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Regarding to the final objective of hybrid polymerization mechanism, we saw in this 
chapter that the likelihood of the radical polymerization of ethylene during the synthesis of 
the radical block can not be neglected anymore. Consequently the investigation of the radical 
copolymerization of ethylene with various polar vinyl monomers needs to be investigated (see 
chapter IV).  
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In the previous chapter we reported the free radical polymerization of ethylene in 
organic solvents. This polymerization takes place under mild experimental conditions 
(T<100°C and P<250 bar) with an unexpected high activity. Nevertheless two major 
drawbacks have been identified. PE synthesized exhibit low molecular weights even with low 
transfer capacity solvents such as DEC (Mn<15000 g/mol). And the polymerization takes 
place at high pressure in a single supercritical phase. Consequently, PE lines reactor walls 
therefore generating safety issue. In order to solve these problems, we will develop the 
polymerization in water in this chapter. 
Indeed, transposition to an emulsion polymerization in aqueous dispersed medium 
(benefiting from the compartmentalization of radicals and from the low transfer ability of 
water) should be useful to increase both molecular weight and yield and at the same time to 
solve the “lining” issue. 
As already mentioned in the first chapter, PE latexes were obtained by free radical 
polymerization as early as 1940 [1-9]. Research groups reported the polymerization in water 
under γ-rays or initiated by KPS (only if pH<2 or >10). But due to the lack of characterization 
available at that time (no DLS, HT-SEC, NMR, etc), interpretation of results is quite difficult. 
More recently PE latexes have also been obtained by catalytic polymerization of 
ethylene [10-12]. In most of publications, research groups used the miniemulsion process, 
using an oil soluble catalyst. Some recent works propose to use a water soluble catalyst and 
then performed a standard emulsion polymerization, by catalytic mechanism. Almost linear to 
high branched degree PE can be synthesized by these methods. However solid content of the 
synthesized latexes remains limited as most of publication reported only PE content below 
20%. 
In this chapter, we will study the free radical polymerization of ethylene in water 
using a water soluble initiator. First, we will simply transpose the free radical polymerization 
in water using a water-soluble equivalent of AIBN, 2,2-azobis(2-amidinopropane)-
dihydrochloride (AIBA – see Figure 1).  
N N
H2N
NH2
NH
HN
2HCl
 
Figure 1. AIBA initiator 
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The so obtained stable latexes will be fully studied and the influence of surfactant 
addition will be investigated. Then the polymerization with the anionic initiator ammonium 
persulfate (APS) will be reported. And finally we will review some tryouts to produce more 
complex nanostructures such as hybrid PE latexes.  
A. Ethylene free radical polymerization in 
emulsion 
1. General mechanism of emulsion polymerization 
In this thesis, emulsion polymerization refers to a process allowing to produce 
sub-micronic polymer particles dispersed in water via a free radical mechanism. Emulsion 
polymerization is used to produce latexes at high polymerization rates, high molecular weight, 
and with some controlled properties. One main advantage of emulsion is the low viscosity of 
the resulting product. In addition this process presents an excellent heat removal capacity.  
The original qualitative description of the mechanism of polymerization was given 
by Harkins [13-15] who separates the polymerization in three distinct intervals. Smith and 
Eward [16] completed the description in 1948. 
A typical emulsion polymerization formulation is composed of monomer of low 
water solubility, a surfactant, water as continuous phase and a water-soluble initiator. The 
surfactant is an amphiphilic molecule which presents the ability to stabilize hydrophobic 
compounds in water phase. In this process, the monomer is originally dispersed in aqueous 
media in the form of droplets (1-10 µm) stabilized by surfactant, in micelles (5-20 nm – if 
surfactant concentration is over the critical micelle concentration) and a limited amount is 
dissolved in the aqueous phase. 
a) Interval I 
Particles formation occurs during Interval I also called nucleation step. At the 
beginning of the polymerization, the initiator, dissolved in water, decomposes to form free 
radicals which initiate the polymerization by reacting with monomer present in the water 
phase in order to form oligoradicals. Then these non-water soluble oligoradicals will form 
particles where the polymerization will continue.  
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In this interval, the polymerization rate raises due to the increase in the number of 
particles. The diffusion of monomer through the water phase is usually the rate determining 
step. Three different particle nucleation mechanisms can usually compete. 
(1) Heterogeneous nucleation 
Also called micellar nucleation, this nucleation is characterized by the entry of a 
radical or an oligoradical in the monomer-swollen micelles giving rise to the formation of 
primary particles. This requires a surfactant concentration higher than the critical micelle 
concentration (cmc, for example SDS – sodium dodecylsufate cmc is about 2 g/L and for 
CTAB – cetyltrimethylammonium bromide 0.3 g/L) and enough monomer present in the 
aqueous phase to produce oligoradicals.  
It should be noted that the number of particles formed by heterogeneous nucleation is 
lower than the initial number of micelles. 
(2) Homogeneous nucleation 
This nucleation begins also in the water phase, however the growing oligoradicals 
become hydrophobic and insoluble so they precipitate and form new polymer particles, 
stabilized by surfactant or by charges present at the initiator fragment, before they enter into 
micelle or an existing particle.  
This is generally a significant mean of particles generation when no micelle is 
present in the water phase, or if the monomer is relatively highly soluble in water. 
(3) Coagulative nucleation  
This nucleation is an extension of homogeneous nucleation. Oligoradicals form 
unstable precursor polymer particles so that they coagulate to form larger particles with 
enough surface charge density to be stable. 
There is a competition between these different mechanisms of nucleation. Their 
relative importance depends on different parameters such as the solubility of monomer in 
water (favoring homogeneous nucleation) and/or the concentration of surfactant (favoring 
heterogeneous nucleation).  
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b) Interval II 
The second interval begins when enough particles are nucleated to efficiently capture 
the radicals formed in water. It consists of the growth of particles and is called stationary step. 
During this interval, the number of particles remains unchanged. The particles growth occurs 
thanks to monomer diffusion from droplets which act as reservoir to particles. The rate of 
polymerization stays constant because the concentration of radical and the monomer 
concentration within the particles remains constant. Particles growth depends on the number 
of particles and the time between two radical captures. 
c) Interval III 
At the end of stationary step, there are no monomer droplets anymore. The 
disappearance of the monomer droplets constitutes the onset of the interval III. The monomer, 
present only in the particles and water phase, continues to polymerize. The number of 
particles remains unchanged while polymerization rate and monomer concentration decrease. 
2. Specific case of ethylene as monomer 
The emulsion process for ethylene polymerization can not be a classical one. 
Ethylene is a supercritical fluid and consequently no ethylene droplets should exist during the 
polymerization. The reservoir able to feed particles is then the ethylene headspace. Moreover, 
as the pressure of ethylene remains constant during the polymerization, interval III does not 
take place in our polymerization. 
Ethylene has a low water solubility of 50 mg bar-1 L-1 at 70°C [17] (comparable to 
styrene 0.7 g/L at 70°C). Consequently a homogeneous or coagulative nucleation is favored 
without surfactant and a micellar one with surfactant over the critical micelle concentration.  
It is noteworthy to mention that no liquid unreacted monomer can remain in the latex 
after polymerization whatever the conversion since the latexes is analyzed after degassing of 
the reactor ethylene pressure. Consequently latexes synthesized are totally VOC-free. 
In addition PE is a crystalline material contrary to most conventional polymers 
produced by free radical polymerization in emulsion. 
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B. Cationic stabilization of PE particles 
dispersion 
This work was partly published in Angewandte Chemie International Edition [18].
 
With AIBA initiator inducing a cationic stabilization of PE particles, two different 
systems are discussed in this part: a surfactant free emulsion, and an emulsion in the presence 
of 1 g/L of cetyltrimethylammonium bromide (CTAB – see Figure 2), a standard cationic 
surfactant. 
NBr
 
Figure 2. CTAB surfactant 
1. Surfactant free emulsion 
This system is the analogue of the polymerization of ethylene in solution. Indeed 
organic solvent is replaced by water and AIBN by an equivalent water-soluble initiator AIBA. 
Moreover same amount of solvent, initiator are used at the same temperature. 
a) Effect of the ethylene pressure 
The polymerization is performed in 50 mL of water during 4 hours at 70°C using 
80 mg of AIBA (305 µmol) as water soluble radical initiator. Results are summarized in the 
following table. 
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Table 1. Ethylene pressure influences on the free radical polymerization of ethylene in 
watera 
Ethylene 
Pressure 
(bar) 
Yield (g) 
Melting 
point 
(°C)b 
Crystallinity 
(%)b 
Mn 
(g/mol)c PDI
c
 
Dp 
(nm)d PI
d
 
50 0.3 70.3 12 10800 3.4 
32 
(±2) 
0.07 
(±0.01) 
100 1.3 96.5 35 21600 6.0 
89 
(±1) 
0.04 
(±0.01) 
150 1.8 100.9 30 31100 7.3 
104 
(±1) 
0.06 
(±0.03) 
200 2.2 106.0 40 20800 6.1 
109 
(±1) 
0.03 
(±0.01) 
250 2.5 104.6 37 21000 7.9 
113 
(±1) 
0.03 
(±0.02) 
a: Polymerizations are performed during 4 hours with 80 mg of AIBA at 70°C in 50 mL of 
water. b: determined by DSC. c: determined by HTSEC. d: determined by DLS. 
In the surfactant-free system, yield is lower than the one obtained using the same 
molar amount of initiator in THF but higher than in toluene, for example at 100 bar of 
ethylene pressure, yields are respectively 1.3 g in water, 3.9 g in THF and 0.7 g in toluene. 
Polymerization yield increases with the ethylene pressure as expected. 
Surprisingly, stable PE latexes are obtained even after degassing 250 bar of ethylene 
pressure. No flocculation is observed for any of these polymerizations. The stabilization of PE 
particles is assumed to result from the cationic fragments of the initiator attached at the chain 
ends which induces electrostatic repulsion. Solid contents of these latexes are up to 5%. 
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Average particle diameters (Dp) measured by DLS (dynamic light scattering) 
increases with the ethylene pressure (and consequently with the yield) from 30 nm to 110 nm. 
Polydispersity indexes remain very low (PI ~ 0.05) indicating the monodisperse character of 
particle size distribution.  
In addition, the yield/Dp3 ratio, standing for the number of particles, remains constant 
whatever the ethylene pressure. This indicates that the formation of PE particles is mostly 
independent of the ethylene pressure. Difference in yield can be due to a difference in 
ethylene diffusion to the growing particle or to a faster nucleation of the particles (since 
solubility of ethylene in water increase linearly with pressure 50 mg bar-1 L-1). 
PE latexes synthesized are stable under standard storage conditions (in a transparent 
glass bottle at ambient temperature). No flocculation is observed over one year. For the 
sample synthesized at 100 bar, DLS measurements are done regularly over two months (see 
Figure 3) and no significant change is observed in average particles diameters and 
polydispersity. 
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Figure 3. Evolution of particles diameters and distribution with storage duration.  
 average particles diametersa and ∆ polydispersity indexa vs. storage duration.  
a: determined by DLS 
Molecular weights are higher in emulsion than in solution (for example 
Mn=31000 g/mol at 100 bar of ethylene pressure – see Table 1). These molecular weights are 
the highest reported up to now by a free radical polymerization in this range of experimental 
conditions. Moreover, MWD is quite broad, PDI≈6-7 due to the emulsion process. Indeed 
molecular weight of the polymer is partly controlled by the time between two radical captures 
Chapter III 
 III-178 
which depends of the surface of particles therefore varying during the polymerization. Due to 
this broad MWD, Mw values fall in the range of 106 g/mol. This “high” molecular weight 
polyethylene could possess some interesting physical properties since their molecular weight 
are far above the entanglement mass of PE (104 g/mol). 
After coagulation and washing by water, the PE produced exhibits a low melting 
point (Tm ~ 100°C) and low crystallinity (30-40%). This is lower than the one determined 
with PE produced in solution (Tm ~ 115°C) under similar experimental conditions. This is 
due to a higher branches content of 30 branches per 1000 C (determined by 13C NMR).  
This higher branching level in water than in an organic solvent (in THF: 
9 branches/1000C or in toluene: 7 branches/1000C) can be explained by the 
compartmentalization of the PE growing chains which increases transfer reactions to the 
polymer. The proportion of short chain branches (ratio short chain branches over total chain 
branches) is lower in emulsion (25% vs. 35% in organic solvent) due to favored 
intermolecular over intramolecular transfer reactions in a confined environment. 
b) Kinetics of polymerization 
In order to understand the particles formation, a kinetic study is performed at 100 bar 
of ethylene pressure and 70°C (see Figure 4). As for a standard emulsion polymerization, 
particle diameters increase with time as well as yield does. 
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Figure 4. Reaction profile of free radical polymerization of ethylene in aqueous 
dispersed medium.  yield and  average particles diametersa vs. time under 100 bar of 
ethylene pressure at 70°C with 80 mg of AIBA in 50 mL of water. a: determined by DLS 
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For the surfactant-free system, particles diameters increases with yield and the 
yield/Dp3 ratio remains constant, therefore no renucleations and/or aggregation take place 
during the polymerization. This behavior is classic for an emulsion during the Smith-Ewart 
phase II. 
c) Effect of the AIBA concentration 
We also investigate the AIBA concentration effect on the PE latex synthesis. In this 
purpose, polymerizations are performed at 100 bar of ethylene pressure during 4 hours in 
50 mL of water at 70°C with various amounts of AIBA (see Figure 5). 
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Figure 5. Influence of AIBA concentration on yield and particles diameters of PE 
latexes.  yield,  molecular weighta and  average particles diametersb vs. AIBA 
concentration under 100 bar of ethylene pressure at 70°C during 4 hours in 50 mL of 
water. a: determined by HT-SEC, b: determined by DLS 
Yield and particles diameters increase with AIBA concentration. Moreover the 
yield/Dp3 ratio remains almost constant. Consequently whatever the AIBA concentration, the 
number of PE particles synthesized remains even ( [ ] 01.0AIBANp ∝ ).  
Molecular weights of PE decrease with AIBA concentration.  Indeed Mn decrease 
only from 81000 g/mol to 15000 g/mol (loss by a factor of 5.4) for AIBA content respectively 
of 11 mg and 509 mg (increase by a factor of 46).  
d) Influence of water volume 
The influence of water volume has been also investigated. Indeed as for the ethylene 
polymerization in solution, a phase transition could take place between a biphasic medium 
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where the polymerization occurs in water in order to form latex and a monophasic medium 
(ethylene and water in a unique supercritical phase) where no latex can be obtained. With 
water the transition between a biphasic and a monophasic medium is expected to be much 
higher in pressure and temperature than in any other organic solvents. This represents an 
additional advantage of water as solvent for ethylene polymerization.  
This high transition point can be explained because ethylene is almost not soluble in 
water (almost 50 mg L-1 bar -1 at 70°C below 200 bar compared to 2-9 g L-1 bar -1 in the same 
conditions for organic solvents). Moreover critical conditions indicate that water is one of the 
“heaviest” solvents (Tc=373.9°C, Pc=220 bar, M=18 g/mol, d=1, therefore 
CTM
d
=20.7 mol K/cm3 compared to 6.7 mol K/cm3 for THF). Consequently calculations 
using Peng-Robinson equation of state predict that the transition does not take place in our 
experimental conditions: i.e. for 50 mL of water at 150°C the transition takes place under 
345 bar of ethylene pressure.  
In consequence whatever the water volume used, polymerizations are performed in a 
biphasic medium and stable latexes will be obtained. 
A set of experiments is performed at 70°C under 100 bar of ethylene pressure with 
80 mg of AIBA as radical initiator at various water volumes (see Figure 6). 
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Figure 6. Influence of water volume on yield and particles diameters of PE latexes.  
 yield and  average particles diametersa vs. water volume under 100 bar of ethylene 
pressure with 80 mg of AIBA at 70°C. a: determined by DLS 
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All experiments lead to stable PE latexes. Yield increases with water volume but 
solid content of PE latexes decreases from 5.7 % in 10 mL to 2% in 100 mL of water. As 
expected, average particles diameters decrease and the concentration of PE particles ( V
Np ) 
remains almost constant.  
Moreover, this set of experiments is in agreement with the set in which AIBA 
concentration varies. Indeed, water volume influence is only due to an AIBA concentration 
variation. Therefore if solid content is plotted vs. AIBA concentration the same curve is 
obtained for the two sets of experiments. 
e) Effect of the temperature 
Finally, polymerizations are also performed at 50°C, 70°C and 90°C under 100 bar 
of ethylene pressure during 4 hours with 80 mg of AIBA in order to characterize an effect of 
the temperature. In all cases, stable PE latex is obtained (see Table 2). 
Table 2. Effect of the temperature on the ethylene polymerization in watera 
Temperature 
(°C) 
Yield 
(g) 
Melting 
point 
(°C)b 
Crystallinity 
(%)b 
Mn 
(g/mol)c 
PDIc 
Dp 
(nm)d 
PId 
50 0.3 105.6 40 24600 7.8 
77 
(±2) 
0.15 
(±0.03) 
70 1.3 96.5 35 21600 6.0 
89 
(±1) 
0.04 
(±0.01) 
90 0.8 85.6 10 48500 7.1 
45 
(±1) 
0.04 
(±0.01) 
a: Polymerizations are performed during 4 hours with 80 mg of AIBA under 100 bar of 
ethylene pressure in 50 mL of water. b: determined by DSC. c: determined by HTSEC. 
d: determined by DLS 
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Yield and particles diameters are maximal at 70°C but the number of particles 
increases with the temperature. Consequently, the nucleation of PE particles is more efficient 
at higher temperature. 
As expected melting point and crystallinity of PE decrease with the temperature of 
polymerization, from 105.6°C at 50°C to 85.6°C at 90°C. This must be due to the same 
phenomenon than in solution. At higher temperature, the mobility of the macroradical is 
higher and so transfer to the polymer is more favored. Therefore, PE synthesized contained 
more branches so the melting point and crystallinity decrease with the temperature of 
synthesis. 
Molecular weight seems to slightly increase with temperature from 20000 g/mol to 
48500 g/mol. Polydispersity index remain between 6 and 8. 
It should be noted that the PE synthesized in our experimental conditions contain a 
non-negligible amount of long chain-branches. This type of branches can affect significantly 
the HT-SEC calibration since molecular weights are determined by coupling RI, and viscosity 
measurements. Therefore, LCB reduce the polymer intrinsic viscosity and consequently the 
measured molecular weight value must be lower than the real one. 
f) PE nanoparticles morphology 
All these sets of experiments show that ethylene polymerization in water exhibits a 
standard behavior of emulsion: the number of particles remains constant during the 
polymerization. In this section the morphology of PE nanoparticles synthesized will be 
studied. 
(1) Microscopy analysis 
PE particles obtained are observed by TEM. An example is shown below (see Figure 
7). It should be noted that all pictures present in this section are performed on the same native 
PE latex. This latex is synthesized without surfactant under 150 bar of ethylene pressure 
during 2 hours with 80 mg of AIBA radical initiator. 
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Figure 7. Typical TEM picture obtained for free-surfactant polymerization 
The most interesting fact is that the particles obtained are not perfect spheres 
(contrary to polystyrene for example). This is due to the crystallinity of PE. Indeed crystalline 
PE lamellas prohibit the formation of perfect sphere. Therefore at the surface of PE particles, 
some facets can be observed and could be attributed to PE lamella.  
It should be noted that if no crystalline region exists in the native particles, no 
distinct particles would be observed by TEM due to the low Tg≈-100°C of amorphous PE. 
Consequently native PE particles possess some crystallinity. 
This morphology has been confirmed by TEM tomography. In this purpose a TEM 
picture of a single PE particle is taken every 2° tilt, and then 3D PE particle image can be 
constructed. The following figure shows the projection of this 3D surface. 
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Figure 8. TEM tomography result on a PE particle synthesized without surfactant 
Once again facets can be well identified at the surface of the PE particles. This facet 
dimension is about 20 nm.  
Height of the particles is almost identical to the particle diameter which confirms the 
sphere-like morphology. It should be noted that due to the amorphous part of PE the particles 
flatten a little when there are deposited on a surface. 
In order to confirm this morphology, AFM are also performed on these particles (see 
Figure 9).  
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Figure 9. AFM obtained for PE particles synthesized without surfactant 
Using AFM, the height of the different layers can be determined and compared to the 
particles diameters. First, well organized layers (close to face-centered cubic organization) are 
observed which testify a good monodispersity of PE particle size distribution. 
On this sample, average particles diameter is 82.3±1.6 nm (determined by DLS). The 
first layer has an average thickness of 76.5±1.6 nm and the second layer 66.8±9.1 nm. This 
confirms a sphere-like morphology.  
It should be noted that PE particles height is about 5 nm smaller than particles 
diameters. Indeed particles flatten a little on surface due to the large amount of amorphous PE 
part (~ 70% of amorphous PE, Tg ~ -100°C). 
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(2) X-rays scattering 
Finally, as PE is a semicrystalline polymer, X-rays scattering on the native latex 
could also be performed. Two important data are accessible by this technique: the average 
crystallite dimension and the crystallinity of the polymer inside the native PE particles. 
Two latexes were studied: one synthesized under 150 bar of ethylene pressure using 
80 mg of AIBA and the other synthesized at 100 bar using 500 mg of AIBA. Initial particles 
diameters are respectively 104 nm and 125 nm (determined by DLS).  
The native crystallite diameters are measured respectively at 23 nm and 18 nm. It 
should be noted that the thickness of the crystallites can not measured by our technique. This 
small crystallite dimension, compared to the particles dimension, indicates that several 
crystallites are present inside the PE particles. Moreover the dimension of the crystallites 
could correspond to the dimension of some facet observed at the surface of particles. 
PE native crystallinities are also determined: respectively at 38% and 25%. These 
crystallinities are in agreement to the one obtained by DSC respectively at 30% and 23%. 
Consequently, the difference in crystallization mechanism seems to be small between the one 
inside nanoparticles and the bulk PE. However, a slight over-crystallinity is observed in the 
PE latexes and can be due to a Laplace pressure effect (higher pressure inside the particles 
which could induce a higher crystallization than bulk PE). 
g) Conclusion 
In this section we confirmed that we can transpose the polymerization from an 
organic medium to ethylene free radical polymerization in water. Moreover, PE synthesized 
form a stable aqueous dispersion of semi-crystalline nanoparticles.  
Solid content of the latexes obtained are up to 6% with particles diameters up to 
120 nm. These PE particles are sphere-like and possess some facets at their surface.  
PE synthesized exhibit high molecular weights over 104 g/mol with a broad MWD 
(PDI ≈ 6). Melting points fall in the range of 95°C to 105 °C indicating a high branches 
content (≈30-40 branches per 1000 carbons). 
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2. Emulsion stabilized by CTAB 
PE synthesized in water provides stable latexes with high molecular weight but yield 
remains lower than in THF. In order to improve the yield of ethylene emulsion we perform 
the same study in presence of CTAB (1 g/L, over its cmc) as cationic surfactant. 
a) Effect of the ethylene pressure 
We perform the polymerization in 50 mL of water at 1 g/L of CTAB during 4 hours 
at 70°C, and 80 mg of AIBA (305 µmol) as water soluble initiator. Results are summarized in 
the Table 3. 
Table 3. Ethylene pressure influence on the free radical polymerization of ethylene in an 
aqueous solution of 1g/L of CTABa 
Ethylene 
Pressure 
(bar) 
Yield (g) 
Melting 
point 
(°C)b 
Crystallinity 
(%)b 
Mn 
(g/mol)c 
PDIc 
Dp 
(nm)d 
PId 
50 0.7 69.5 10 38800 2.8 
97 
(±3) 
0.71 
(±0.03) 
100 4.6 92.8 31 50500 8.7 
24 
(±1) 
0.52 
(±0.08) 
150 7.9 97.3 31 60500 7.3 
51 
(±1) 
0.17 
(±0.02) 
200 12.3 99.4 29 73800 8.1 
52 
(±1) 
0.22 
(±0.02) 
250 19.9 97.0 31 119000 6.3 
46 
(±2) 
0.33 
(±0.09) 
a: Polymerizations are performed during 4 hours with 80 mg of AIBA at 70°C in 50 mL of 
water. b: determined by DSC. c: determined by HTSEC. d: determined by DLS. 
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When polymerizations are performed in the presence of a standard cationic surfactant 
(CTAB) at 1 g/L (above the critical micelle concentration: 0.3 g/L at 25°C), much higher 
activities are observed. For example, under 100 bar of ethylene pressure, 4.6 g of PE are 
synthesized compared to 1.3 g without CTAB. This emulsion system is even more efficient 
than the polymerization in THF (3.9 g at 100 bar) which is the most efficient system 
described in the previous chapter.  
As expected, yield dramatically increases with the ethylene pressure. Indeed in these 
non-optimized conditions, up to 40% of solid content is obtained. This represents to the best 
of our knowledges the highest solid content even reported for a PE latex. 
In all cases stable latexes are obtained and no flocculation is observed. Average 
particle diameters seem to reach a plateau at 50 nm when increasing ethylene pressure. This 
indicates that the number of particles increases with the yield. Compared to the previous set of 
experiment (surfactant-free) number of particles are higher except for polymerization 
performed under 50 bar of ethylene pressure. 
Moreover, polydispersity indexes measured by DLS remain surprisingly higher 
(PI ~ 0.5) than for the surfactant-free process. This indicates that the particles formed are not 
homogeneous in size. 
As already mentioned the number of particles increases dramatically with the 
ethylene pressure ( [ ] 48.3PNp ∝ ). This high influence of the ethylene pressure on the number 
of particles is unexpected. Indeed without CTAB this number remains constant with the 
ethylene pressure. Consequently this could be due to a better efficiency of the particles 
nucleation with higher ethylene pressure. Therefore the nucleation mechanism in the presence 
of CTAB should be different than in the surfactant free process. 
As for PE latexes synthesized without surfactant, these latexes are stable under 
standard storage conditions (in a glass bottle at ambient temperature). No flocculation is 
observed over one year. For the sample synthesized at 100 bar, DLS measurements are done 
over two months (see Figure 10) and no significant change is observed. 
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Figure 10. Evolution of particles diameters and distribution with storage duration.  
 average particles diametersa and ∆ polydispersity indexa vs. storage duration.  
a: determined by DLS 
Coagulated and isolated PE are analyzed further by HT-SEC and DSC (see Table 3). 
As expected, molecular weights increase with ethylene pressure. Mn values are interestingly 
high from 40000 g/mol to 120000 g/mol at 250 bar. The PE synthesized under similar 
experimental conditions exhibit higher molecular weights than those prepared without CTAB.  
Melting points of PE synthesized as well as crystallinity are lower with surfactant 
than without. Moreover, both increase with the ethylene pressure. Consequently branches 
content should be higher for PE synthesized in presence of CTAB. Using 13C NMR the 
branches content is determined: 37 branches per 1000C compared to 30 branches without 
CTAB. 
b) Kinetics of polymerization 
In order to understand the particles formation, we perform a kinetic study under 
100 bar of ethylene pressure, at 70°C using 80 mg of AIBA (see Figure 11). Contrary to the 
surfactant free emulsion in which particles diameters increase with yield, in the presence of 
CTAB yield increases with time but particles diameters seem to decrease until reaching a 
plateau at 20 nm. 
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Figure 11. Reaction profile of free radical polymerization of ethylene in aqueous 
dispersed medium.  yield and  average particles diametersa vs. time under 100 bar of 
ethylene pressure with 80 mg of AIBA at 70°C in 50 mL of a CTAB aqueous solution at 
1 g/L. a: determined by DLS 
This unexpected behavior testifies that the number of PE particles increases with 
time of polymerization. Moreover, the final particles produced have always the same 
dimension which seems to be independent of the ethylene conversion. Finally, the particles 
produced first seem to have a greater size. These particles disappear after 1 hour of reaction. 
The number of particles increases with time following this law 03.3tNp ∝ . This is 
about the same exponent as the dependence in ethylene pressure.  
This mechanism of polymerization is totally different from the surfactant free-
system. Indeed the system behavior appears to be still in the nucleation step during all the 
polymerization. Moreover no growing of the particles takes place.  
c) Effect of the AIBA concentration 
The influence of AIBA concentration has been also investigated in order to have a 
better understanding of this system. Polymerizations are performed at 70°C during 4 hours, in 
50 mL of an aqueous solution of 1 g/L of CTAB with various amounts of AIBA (see Figure 
12).  
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Figure 12. Influence of AIBA concentration on yield and particles diameters of PE 
latexes.  yield,  molecular weighta and  average particles diametersb vs. AIBA 
concentration at 70°C under 100 bar of ethylene pressure during 4 hours in 50 mL of an 
aqueous CTAB solution at 1 g/L. a: determined by HT-SEC, b: determined by DLS 
Two zones are observed. One below 80 mg of AIBA in which yield increases and 
average particles diameters decrease with the AIBA concentration. And the other one, over 
80 mg of AIBA in which yield and particles diameters increase with the AIBA concentration.  
This induces that the number of particles first increase ( [ ] 98.1AIBANp ∝ ) then 
decrease ( [ ] 68.0−∝ AIBANp ) with the AIBA concentration.  
This phenomenon can be explained if we take into account two different mechanisms 
of the PE particle formation. At low AIBA concentration almost each oligoradical creates a 
particle as the CTAB present in the solution can stabilize all particles (via a micellar or 
homogeneous nucleation). At higher AIBA concentration, therefore higher yield, there are too 
many particles to be stabilized thanks to CTAB only, consequently several oligoradicals are 
involved in a unique particle (it could be a coagulative nucleation). 
After measuring the area of absorption of a CTAB molecule on these PE particles 
(77 Å2 per molecule of CTAB for PE particles synthesized in presence of CTAB which is 
about the same for PE particles synthesized without CTAB 84 Å2) we calculate the ratio of 
stabilization by CTAB (equal to the ratio between the surface covered per CTAB molecules 
present in the latex and the total surface or PE particles: 100 % if the PE particles are fully 
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covered by CTAB). Therefore, we plot this ratio and the number of PE particles vs. AIBA 
concentration (see Figure 13). 
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Figure 13. Evolution of  number of PE particles and  absolute ratio of CTAB 
stabilization vs. the AIBA concentration 
This curve confirms our hypothesis that CTAB coverage decreases with AIBA 
concentration until reaching a plateau at 1% of CTAB stabilization which seems to be the 
minimum amount of CTAB mandatory to stabilize PE particles. Therefore, the mechanism of 
nucleation seems to be controlled by CTAB concentration. 
Finally as for the surfactant free system, molecular weights decrease with the AIBA 
concentration (see Figure 12), from 142000 g/mol to 29000 g/mol for respectively 10 mg and 
613 mg of AIBA.  
d) Influence of water volume 
Once again, we perform a set of experiments using various volumes of water (see 
Figure 14). In this case no correlation with the previous set of experiment is observed. This is 
partially due to the evolution of the ratio CTAB/AIBA, which is different in these two sets of 
experiments. 
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Figure 14. Influence of water volume on yield and particles diameters of PE latexes.  
 yield and  average particles diametersa vs. water volume under 100 bar of ethylene 
pressure at 70°C with 80 mg of AIBA in an aqueous CTAB solution at 1 g/l during 
4 hours. a: determined by DLS 
We first observe that yield increases with water volume until 50 mL then decreases. 
The solid content decreases as well with water volume from 16.7% with 10 mL to 3.4% with 
100 mL. The particles diameters roughly decrease from 100 nm at low water volume to 
50 nm.  
This behavior could be explained by the same hypothesis than the previous set of 
experiments. At low water volume, too few CTAB molecules are present and cannot stabilize 
fully PE particles. This leads to high diameters particles and low particles number. At high 
water volume, CTAB can stabilize all PE particles therefore smaller particles are formed. 
Consequently these experiments are in agreement with our previous hypothesis that 
CTAB amount plays a crucial role during the polymerization. 
e) Effect of the temperature 
Finally, polymerizations are also performed at 50°C, 70°C and 90°C under 100 bar 
of ethylene pressure during 4 hours with 80 mg of AIBA and 1 g/L of CTAB in order to 
identify a temperature effect (see Table 4). Stable PE latexes are obtained excepted at 90°C. 
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Table 4. Effect of the temperature on the ethylene polymerization in an aqueous solution 
of 1g/L of CTABa 
Temperature 
(°C) 
Yield 
(g) 
Melting 
point 
(°C)b 
Crystallinity 
(%)b 
Mn 
(g/mol)c PDI
c
 
Dp 
(nm)d PI
d
 
50 2.9 106.0 42 34700 5.5 
17 
(±1) 
0.28 
(±0.02) 
70 4.6 92.8 31 50500 8.7 
24 
(±1) 
0.52 
(±0.08) 
90 1.3 82.5 9 69500 6.2 
420 
(±12) 
0.68 
(±0.11) 
a: Polymerizations are performed during 4 hours with 80 mg of AIBA under 100 bar of 
ethylene pressure in 50 mL of water. b: determined by DSC. c: determined by HTSEC.  
d: determined by DLS 
Yield is maximal at 70°C and particles diameters increase with temperature. Finally 
contrary to surfactant free system, the number of particles decreases with the temperature. At 
90°C the latex is not stable anymore and some flocculations occur during the polymerization. 
As expected melting point and crystallinity decrease with the temperature for the 
same reason as previously (see section B-1-e of this chapter). Molecular weights increase with 
the temperature: Mn from 34700 to 69500 g/mol.  
f) PE nanoparticles morphology 
(1) Microscopy analysis 
All these sets of experiments show that ethylene polymerization in water with CTAB 
as surfactant does not follow the same behavior that the surfactant free system. One of the 
most intriguing point is that PI remains high whatever the experimental conditions (contrary 
to surfactant free polymerization). This indicates that the size of the PE particles is broadly 
distributed.  
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In order to understand this point we perform the TEM analysis of these particles (see 
Figure 15). All pictures present in this section are performed on the same PE latex synthesized 
under 250 bar of ethylene pressure during 4 hours with 80 mg of AIBA. 
 
Figure 15. Standard TEM picture obtained for PE particles synthesized with 1 g/L of 
CTAB 
In a first approach, the overall apparent shape of the particles seems almost identical 
to the particles synthesized without CTAB. Diameters of particles appear to be quite 
homogeneous and cannot explain the high PI (>0.5) observed by DLS. In addition, the 
particles appear to be lowly contrasted compared to particles obtained in the surfactant free 
system.  
As already mentioned, CTAB adsorption surface is identical (~80 Å2) for the two 
kinds of particles (synthesized with or without CTAB), consequently particles surfaces are 
identical (both are composed of PE containing fragments of AIBA from the initiation). 
Therefore the contrast should be the same between these two kinds of particles except if the 
thickness of PE particles synthesized with CTAB is much smaller than their diameters. 
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By tilting at 60° the same sample we do not observe round shapes anymore but 
ellipses (see Figure 16) which implies that the 3D shape of these particles is not sphere-like 
but more cylinder-like. 
 
Figure 16. Standard TEM picture tilted at 60° obtained for PE particles synthesized 
with 1 g/L of CTAB 
It is noteworthy that high diameters particles (which are present in the first instants 
of the polymerization) are never observed in TEM image of latexes polymerized during 
4 hours. As no flocculation is observed these particles should desegregate in order to form 
smaller PE particles. 
In order to confirm this cylinder-like morphology, TEM tomography is performed. 
The analysis is more complex than for sphere-like particles since the studied particles possess 
smaller diameter and thickness. In the following pictures we observe a PE particle on a 
formvar/carbon film.  
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Figure 17. TEM tomography of a PE particle synthesized with 1 g/L of CTAB 
Thickness is about 10 nm for a particle diameter of 40 nm. Consequently PE particles 
synthesized in presence of CTAB are not sphere-like but cylinder-like. 
The high PI (PI≈0.5) of the PE particles can be due to the morphology of the 
particles and/or due to the broad distribution of the thickness of the PE particles. 
In order to obtain a thickness distribution AFM analyses are performed on the same 
PE latex (see Figure 18). 
 
Figure 18. AFM obtained for PE particles synthesized with 1 g/L of surfactant 
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With cylinder-like particles, it is not easy to determine the thickness because the 
particles are tilted, each particle partly covering adjacent particles (see Figure 19). This 
arrangement can be pictured as plates in a dish-washer. Consequently the apparent height is 
not the thickness of PE particles. It should be noted that this organization confirms that PE 
particles are not sphere-like. 
mica
20 nm
mica
10 nm
 
Figure 19. Schematic representation of group of PE particles and isolated particles at 
the mica surface 
Nevertheless we are able to obtain the thickness of some isolated particles (such as 
the one at the high right corner of the Figure 18). The average of measure performed on ten 
isolated particles gives a thickness of 9.6±1.3 nm. Consequently, no broad distribution is 
observed in thickness nor in diameters. 
Therefore the high PI is ascribed to the morphology of the particles only. Indeed 
DLS algorithm uses a sphere particles model with only one relaxation time to calculate the 
average particles diameters and PI. But cylinder-like particles have two characteristic 
dimensions (diameters and thickness) therefore two relaxation times which are interpreted by 
the DLS algorithm as two different populations and consequently the DLS algorithm will 
predict a broad particles distribution. 
Consequently this high PI is an additional evidence that cylinder-like particles are 
present in the solution and that the observations are not due to spheres which flatten at the 
surface of the microscopy film (formvar/carbon or mica).  
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(2) X-ray scattering 
Finally, two latexes are characterized by X-ray scattering: one synthesized under 
150 bar of ethylene pressure with 80 mg of AIBA and 1 g/L of CTAB and another 
synthesized at 100 bar with 200 mg of AIBA and 1 g/L of CTAB. DLS measurements 
indicate that particles diameters are respectively 51 nm and 40 nm with PI about 0.4.  
The corresponding native crystallite diameters are respectively measured by X-ray 
scattering at 35 nm and 33 nm, with native crystallinity of 24% and 21%. Surprisingly 
average crystallite dimension is higher with CTAB than without (~20nm) and exhibits lower 
crystallinity level (~30%). These crystallite diameters are well correlated to the particles 
diameters and consequently one particle could only contain a couple of crystallites. 
g) Conclusion 
In this section the free radical polymerization of ethylene was performed in water 
with surfactant in order to increase the efficiency of the system. 
Stable PE latexes are synthesized with solid content up to 40%. This represents the 
highest solid content reported for PE up to now. Moreover this process is even more efficient 
in activity than the free radical polymerization of ethylene in THF, our previous best system. 
Particles diameters remain low between 20 nm and 100 nm. Surprisingly these PE particles 
are not sphere-like but cylinder-like.  
Finally, PE synthesized exhibit high molecular weights over 104 g/mol with a broad 
MWD (PDI ≈ 6). Melting points falls in the range of 95°C to 105 °C indicating that high 
branches content PE are synthesized. Moreover, this low crystalline PE with a high level of 
chain branches could exhibit some interesting physical properties. 
3. Addition of an organic solvent 
a) Effect of organic solvents on emulsion polymerization 
In order to link solvent and emulsion processes, the influence of the addition of 
organic solvents to water (water miscible – THF – or non-miscible – toluene) has been 
investigated. Different experiments are performed using 20 % in volume of organic solvent 
with or without CTAB using AIBA as radical initiator. In all cases stable PE dispersions are 
obtained. 
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Table 5. Influence of additional organic solvent on free radical polymerization of 
ethylene in aqueous dispersed mediuma 
Water 
(mL)/ 
Solvent 
(mL) 
[solvent] 
CTAB 
(g/L) 
Yield 
(g) 
Melting 
point 
(°C)b 
Crystallinity 
(%)b 
Mn 
(g/mol)c PDI
c
 
Dp 
(nm)d PI
d
 
50/0 0 1.3 96.5 35 21600 6.0 89 (±1) 
0.04 
(±0.01) 
50/0 1 4.6 92.8 31 50500 8.7 24 (±1) 
0.52 
(±0.08) 
0/50 
[THF] 
 3.9 115.2 58 1190 1.9 - - 
40/10 
[THF] 
0 1.3 105.0 44 1760 3.8 
129 
(±2) 
0.03 
(±0.02) 
40/10 
[THF] 
1 3.2 103.1 40 2350 3.2 16 (±1) 
0.39 
(±0.07) 
0/50 
[toluene] 
 0.7 115.9 63 2340 1.9 - - 
40/10 
[toluene] 
0 0.4 104.5 27 17100 2.6 72 (±5) 
0.14 
(±0.02) 
40/10 
[toluene] 
1 3.2 99.9 22 8300 3.2 
121 
(±32) 
0.88 
(±0.11) 
a: Polymerizations are performed during 4 hours with 80 mg of AIBA under 100 bar of 
ethylene pressure in 50 mL of solution at 70°C. b: determined by DSC. c: determined by 
HTSEC. d: determined by DLS 
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In all cases, no activation effects are observed. Indeed the addition of organic solvent 
does not increase yield of polymerization. Additions of these organic solvents are therefore 
used to understand the mechanism of the polymerization such as the type of particles 
nucleation. 
PE molecular weights drop in the presence of organic solvents. Mn drops from 
50500 g/mol in water to 8300 g/mol and 2350 g/mol for toluene/H2O (1/4) and THF/H2O 
mixtures respectively in the presence of CTAB. This decrease can be related to an increased 
frequency of transfer reactions to solvent (contrary to water, THF and toluene exhibit high 
transfer capacities) which has been confirmed by 13C NMR analysis. Indeed in both cases the 
toluene-chain end or THF-chain end are identified by NMR. Moreover the PDI reaches a 
value close to 2 in presence of organic solvent indicating that MWD is mostly controlled by 
transfer. 
With THF, the transfer reaction should take place in the continuous aqueous phase or 
at the particle surface and not inside the particles, because THF is not an efficient swelling 
agent for amorphous PE (same Dp is observed before and after removal of THF by partial 
reduced pressure evaporation of the latex). For toluene, the Dp drops by about 10 nm by 
removing the organic solvent (toluene is a swelling solvent for PE) so transfer could 
additionally take place inside the particles. 
Finally, since PE is strongly non-soluble in water, PE growing radical must form 
particles (or enter in existing particles) very soon (at molecular weight far below the one 
measured by HT-SEC). Consequently the drop in molecular weight evidences that the 
growing macroradical of PE must be at the surface of PE particles in order to undergo the 
transfer to organic solvent such as THF. 
PE nanoparticles synthesized in these conditions are more crystalline than usual. 
Consequently, due to the high crystallinity of PE, particle surfaces are extremely irregular. 
This has been confirmed by TEM (see Figure 20). 
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Figure 20. Example of TEM picture obtained for PE particles synthesized in THF/water 
mixture without CTAB 
b) Role of the initiator 
The difference in yield between polymerization in solution and in emulsion could be 
partly due to the difference in efficiency factor and dissociation constant between AIBA and 
AIBN.  
In this purpose two experiments are performed in water/THF (1/1) mixture in which 
both AIBA and AIBN are soluble. With the same molar amount of radical initiator, the 
polymerizations provide in both cases exactly the same yield (1.8 g). However the dispersion 
is not stable. This identical yield shows that, as the decomposition is about the same for both 
of these initiators; the efficiency factor of AIBA is approximately equal to the efficiency 
factor of AIBN. Molecular weights are also identical for both polymers respectively 
Mn=1910 g/mol, PDI=2.6 for AIBA and Mn=2020 g/mol, PDI=1.9 for AIBN. 
These experiments demonstrate that the effects on yield and molecular weight 
observed during the polymerization in emulsion are only due to the emulsion itself and not to 
the initiator. 
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4. Rationalization of CTAB role 
PE particles shapes seem to be CTAB dependent. Without CTAB, sphere-like 
particles are synthesized and with 1 g/L of CTAB, cylinder-like particles are obtained. In this 
section, the boundary between sphere and cylinder particles is investigated and the particles 
formation discussed. 
a) Effect of the CTAB concentration 
Several series of experiment are performed in aqueous solution of CTAB with 
concentration from 0 g/L to 4 g/L. All polymerizations are done at 70°C during 4 hours at 
ethylene pressure from 100 bar to 250 bar, using 80 mg AIBA as radical initiator in 50 mL of 
aqueous solution. 
Results are summarized in the following figures. 
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Figure 21. Influence of CTAB concentration on the poly1merization yield.  at 100 bar 
of ethylene pressure,  at 150 bar,  at 200 bar,  at 250 bar  
As already mentioned, whatever the CTAB concentration, solid contents increase 
with ethylene pressure and with CTAB concentration. Polymerizations at 4 g/L of CTAB 
yield the highest solid content at constant ethylene pressure. At this CTAB concentration 
under 250 bar, the polymerization is so efficient that the latex flocculates (indeed the particles 
double layer must interact when a certain amount of solid content is reached and leads to 
particles aggregation) and almost 30 g of PE are synthesized. 
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Concerning average particles diameter, two different behaviors are observed (see 
Figure 22). The first one is below 0.5 g/L of CTAB, the average particles diameters decrease 
with the CTAB concentration until reaching the second one, a plateau over 0.5 g/L. Moreover 
below 0.3 g/L average particles diameters increase with pressure, which is not the case over 
0.5 g/L of CTAB. 
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Figure 22. Influence of CTAB concentration on the average particles diameters.a  
 at 100 bar of ethylene pressure,  at 150 bar,  at 200 bar,  at 250 bar.  
a: determined by DLS 
In regards to the variation of the number of particles with CTAB, it should be noted 
that below 0.5 g/L the number of particles is almost constant with the ethylene pressure 
( 0PNp ∝ ) and it increases with the CTAB concentration ( [ ]2CTABNp ∝ ).  
Over 0.5 g/L of CTAB, the number of particles increases with the ethylene pressure 
( [ ]3PNp ∝ ). Finally at constant pressure of ethylene, the number of particles is almost 
independent of the CTAB concentration ( [ ]0CTABNp ∝ ). 
PI of the particles distribution determined by DLS (see Figure 23) remains extremely 
low below 0.5 g/L (PI≈0.05) and high over 0.5 g/L (PI>0.2).  
All these results confirm that CTAB concentration exhibits a dramatic influence on 
the PE particles morphology. Over 0.5 g/L of CTAB cylinder-like particles are obtained and 
below 0.5 g/L sphere-like. 
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Figure 23. Influence of CTAB concentration on the polydispersity index.a  at 100 bar 
of ethylene pressure,  at 150 bar,  at 200 bar,  at 250 bar 
a: determined by DLS 
Indeed all these data indicate a change of behavior around the critical micelle 
concentration of CTAB. As micelles have a crucial importance during phase I of the emulsion 
it could be partly due to a change of the prevailing nucleation mechanism. 
b) Correlation between CTAB concentration and particles 
morphology 
The crucial influence of CTAB on PE morphology has been confirmed by TEM 
analysis (see Figure 24). Indeed cylinder-like particles can be identified by their low contrast 
compared to sphere-like particles. 
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Figure 24. Standard TEM pictures for PE particles synthesized at various CTAB 
concentrations under 150 bar of ethylene pressure 
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For PE particles synthesized in aqueous solution at 4 g/L of CTAB, cylinder-like 
particles are observed as expected. Same kinds of particles are obtained at 2 g/L and 1 g/L of 
CTAB. These results are in agreement with DLS results (high PI therefore cylinder-like 
particles). 
For cylinder-like particles, the contrast seems to increase when CTAB concentration 
decreases. This should indicate that the thickness of the cylinder decreases with increasing 
CTAB concentration. However, these results need to be confirmed by TEM tomography 
analysis or AFM. 
At 0.5 g/L of CTAB, we observe both highly contrasted particles (sphere-like) and 
lowly contracted particles (cylinder-like) with the same apparent diameters. This CTAB 
concentration appears to be the boundary between the two particles morphologies.  
At lower CTAB concentration only highly contrasted particles are observed. No 
more cylinder-like particles are identified. However at 0.3 g/L of CTAB, particles appear to 
be less sphere-like (particles surface are more erratic) than that PE particles obtained without 
CTAB.  
Finally at 0.1 g/L of CTAB no apparent difference exists between these particles and 
particles synthesized without CTAB. 
Consequently these results show how important the influence of CTAB 
concentration is on the PE particles morphology. Above 0.5 g/L of CTAB cylinder-like 
particles are synthesized while under 0.5 g/L sphere like particles are formed.  
This boundary between the two different morphologies is well correlated with the 
critical micelle concentration of CTAB. Consequently, we can assume that micelles of CTAB 
play an essential role in the formation of these PE particles. 
c) Possible mechanism for disappearance of large particles 
Now it remains to understand the particles formation and why at high CTAB 
concentration cylinder-like particles are synthesized. 
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(1) Evidence of the disappearance 
Kinetics profiles have been determined at 100 bar, 70°C using 80 mg of AIBA with 
increasing CTAB concentration from 0 g/L to 4 g/L (see Figure 25, Figure 26) with the aim to 
determine the emulsion of behavior has. This behavior can be either “standard” in which yield 
and particles diameters increase with time and number of particles remains constant, or “non-
standard” in which yield increases and particles diameters decrease with time, consequently 
the number of particles increases with time.  
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Figure 25. Influence of CTAB concentration on the reaction profiles: yield vs. time.  
 at 4 g/L of CTAB,  at 1 g/L  at 0.5 g/L,  at 0.3 g/L,  at 0.1 g/L and  at 0 g/L 
As expected, yield increases with time and with CTAB concentration. Concerning 
the evolution of particles diameters two different behaviors are observed (see Figure 26).  
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Figure 26. Influence of CTAB concentration on the reaction profiles: average particles 
diametersa vs. time.  at 4 g/L of CTAB,  at 1 g/L  at 0.5 g/L,  at 0.3 g/L,  
 at 0.1 g/L and  at 0 g/L. a: determined by DLS 
For kinetics performed between 4 g/L and 0.5 g/L of CTAB particles diameter 
decreases and reaches a plateau after 2-4 hours of polymerization. For 0 g/L and 0.1 g/L of 
CTAB particles diameter increases with time and the number of particles remains even during 
the polymerization. Finally at 0.3 g/L of CTAB, particles diameter decreases in a first period 
and then after 1 hour of polymerization this diameter increases and the number of particles 
remains constant. 
Consequently, over 0.3 g/L of CTAB, a “non-standard” behavior is observed. 
Cylinder-like particles are synthesized and the number of particle increases with the time of 
polymerization. Below 0.3 g/L of CTAB a “standard” behavior is obtained. Number of 
particles remains constant with time (and ethylene pressure) and sphere-like particles are 
synthesized. Therefore, the morphology seems to be interconnected with the kinetic behavior 
of the polymerization.  
At the beginning of the reaction, large particles are synthesized over 0.5 g/L of 
CTAB. TEM pictures of the latex obtained after 30 min of reaction shows large particles 
surrounded by other smaller particles (see Figure 27). Those large particles seem to disappear 
during the polymerization; since no flocculation is observed they must disaggregate. 
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Figure 27. TEM pictures of PE latex after 30 min at 70°C (a) and 4h (b) with 1g/L of 
CTAB 
These large particles synthesized in the first minutes of the polymerization have 
disappeared by an unknown mechanism. In order to obtain some clues we performed several 
additional sets of experiments. 
(2) Effect of stirring 
Polymerizations are performed at 70°C with 50 mL of an aqueous solution of 0.5 g/L 
of CTAB under 100 bar of ethylene pressure during 4 hours with 80 mg of AIBA (see Figure 
28). In this set of experiments, the influence of stirring rate is investigated. 
It should be noted that the stirring rate is constant for all of the previous experiments 
(at around 250 tr/min). 
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Figure 28. Influence of stirring rate on polymerization of ethylene in water.  yield and 
 average particles diametersa vs. stirring grade under 100 bar of ethylene pressure 
with 80 mg of AIBA in 50 mL of 0.5 g/L of CTAB aqueous solution during 4 hours.  
a: determined by DLS 
A drastic effect of the stirring on the polymerization yield and the particles diameters 
is observed. Indeed, both increase with the stirring rate. It should be noted that there is no 
significant effect if polymerizations are performed in THF or without CTAB (same yield, 
particles diameters, and molecular weight).  
Ethylene polymerization is more efficient at higher stirring rate (higher yield and 
particles diameters). As the number of particles slightly decreases with the stirring rate 
( 22.0−∝ RSNp ), the higher yield cannot be due to the number of particles (usually kinetic rate 
increases with the number of particles) but may be due to the fragmentation of native large 
particles.  
Indeed the sooner these particles disaggregate to form cylinder-like PE particles the 
higher will be the yield. As stirring grade increases, the probability of collision between 
particles increases thus the desegregation of large particles. 
Consequently it seems that the stirring facilitates the disappearance of the PE large 
particles. Now it remains to understand the role of CTAB. 
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(3) Evidence of the ejection of cylinder particles 
In order to fully understand the influence of CTAB, we perform the polymerization 
of ethylene with 0.1 g/L of CTAB. Consequently, sphere-like particles are obtained with an 
average particles diameter of 92 nm and a PI of 0.03. Then after the polymerization end we 
add CTAB up to a concentration of 1 g/L and then this latex is stirred at 70°C during 4 hours. 
Using DLS, we observe that the average particles diameter decreases to about 10 nm and PI 
increases to 0.15. Moreover TEM pictures on the latex stirred with CTAB shows two different 
populations of particles: the native large particles, with a sphere-like morphology, and small 
particles with low contrasted cylinder-like morphology (see Figure 29). 
  
Figure 29. TEM pictures of the PE latex after stirring during 4 hours at 70°C with  
1 g/L of additional CTAB 
It should be noted that a blank experiment has been performed by stirring at 70°C 
during 4 hours the latex without addition of CTAB. No change in the morphology is observed 
by TEM or DLS (see Figure 30).  
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Figure 30. TEM picture of the PE latex after stirring during 4 hours at 70°C 
Moreover no change in morphology by TEM or DLS is observed if the latex is not 
heated whatever the CTAB concentration added. 
Consequently the decrease of average particles diameter observed by DLS is due to 
the apparition of a new population of smaller cylinder-like particles. These cylinders could be 
ejected from the native particles thanks to the CTAB itself and the temperature. Then these 
particles are stabilized by CTAB. 
This mechanism appears also to be related to the temperature. Consequently the PE 
should be ductile enough to allow the ejection of some material (indeed PE is low crystalline, 
Tm<105°C, crystallinities<30%). Then high CTAB concentration is mandatory in order to 
stabilize the ejected PE particles.  
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(4) Density of the PE particles 
It is worthy to mention that during these aforementioned experiments density of PE 
particles vary. To determine the density of PE particles, we simply measure the density of the 
native latex. Below 0.3 g/L of CTAB, PE nanoparticles synthesized have density of 0.7-0.8. 
This value is below the PE amorphous density (0.855). Consequently, some cavities should 
exist inside the particles. Over 0.5 g/L of CTAB, density of PE particles is around 0.9 which 
is in agreement with the PE crystallinity, therefore no hole must be present. 
After stirring at 70°C with or without CTAB, we observe that the density increases 
from 0.75 to 0.87. Consequently, there is a reorganization of PE particles themselves. 
Therefore when CTAB is added during this reorganization some material can be ejected in 
order to form smaller cylinder-like PE particles. This mechanism explains why a certain 
temperature is mandatory (no PE particles ejected at ambient temperature) as PE has to be 
ductile in order to permit this reorganization. . 
It should be noted that density increases when the PE particles are heated at 70°C, 
however the polymerization was also performed at 70°C. Consequently these holes could be 
due to unreacted ethylene present inside the particles at the end of the reaction. 
5. Conclusion 
In this section, we demonstrated that PE can be synthesized in aqueous media which 
leads to the formation of a stable PE dispersion. Moreover due to the compartmentalization 
effect, this system is more efficient than the ethylene free radical polymerization in THF (our 
previous best system). Indeed stable PE latexes with solid contents up to 40% are obtained. 
Particles average diameters available by these techniques are from 20 nm to 200 nm which 
leads from transparent to white latexes (see Figure 31). 
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Figure 31. Two different native PE latexes obtained at 6% of solid content 
Moreover MWD exhibits higher molecular weight over the entanglement weight 
with PDI between 5 and 8. Consequently this PE could possess some interesting physical 
properties. Melting points fall in the range of 95°C to 105°C corresponding to a PE of 
important branches content (between 30 and 40 branches per 1000 carbons). 
Additionally since these PE possess low crystallinities, these latexes should exhibit 
some interesting coating properties which remain to be investigated. 
Finally two different morphologies of PE particles are identified: sphere-like 
particles if the PE is synthesized with a CTAB concentration below 0.5 g/L, and cylinder-like 
particles if polymerization is performed with CTAB concentration over 0.5 g/L. Moreover 
these cylinder particles possess bigger crystallites than sphere-like particles. The crystallite 
dimension has a crucial role in the PE particles morphology since for sphere-like particles 
their dimension corresponds to the facets dimension and for cylinder-like to the diameters of 
the particle itself. 
Some important clues in the formation mechanism of the cylinder-like particles have 
been found: temperature and high CTAB concentration seem to play a crucial role. Moreover 
stirring rate leads also to a dramatic effect on the polymerization indicating that some physical 
force such as collision should impact the cylinder-like particles formation. 
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C. Case of anionic stabilization 
Up to now, all latexes are synthesized using a cationic stabilization since radical 
initiator (AIBA) and a cationic surfactant (CTAB) are used. The most used anionic 
stabilization and initiator have been also investigated (surfactant: sodium dodecylsufate, SDS; 
initiator: ammonium persulfate, APS) in this section. 
1. Importance of the pH of the polymerization 
In the literature, authors reported that this polymerization is only efficient if the pH is 
acidic (pH<2) [19] or basic (pH>10) [20, 21]. In this section we will confirm these results in 
our range of pressure and temperature. 
In this purpose, polymerizations are performed in 50 mL of aqueous solution 
containing 305 µmol of ammonium persulfate (APS) or potassium persulfate (KPS) with or 
without 4 g/L sodium dodecylsulfate (SDS). After 4 hours at 70°C whatever the ethylene 
pressure, no PE is synthesized. 
In order to infirm an inhibition by SDS itself, we perform polymerizations with 
another anionic surfactant SDBS (sodium dodecylbenzenesulfate) at the same concentration 
(4 g/L). In this case also no PE is synthesized. 
Finally, in order to infirm an effect of the anionic stabilization we perform 
polymerizations using a non-ionic surfactant (Disponil A 3065 based on PEG). Once again no 
PE is synthesized. 
This confirms the literature results already mentioned, that free ethylene 
polymerization initiated by persulfate is only efficient at basic or acidic pH. Indeed 
polymerizations are performed under 200 bar of ethylene pressure at 70°C during 4 hours in 
50 mL of an aqueous solution containing 305 µmol of APS, 0.005% in volume of NH3 or 
0.1 mol/L of HCl. In both cases, stable PE nanoparticles dispersions are obtained. Solid 
contents are by the acidic pathway about 4% and only 2.4% in basic solution with average 
particles diameters respectively of 95 nm and 127 nm. 
As we use a steel reactor, we choose in the following to study only the emulsion 
initiated by APS in basic solution in order to prevent the corrosion of the reactor. 
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2. Surfactant free emulsion 
Polymerizations of ethylene in basic aqueous solution are first studied without any 
surfactant. Reactions are performed at 70°C during 4 hours in 50 mL of an aqueous solution 
containing 70 mg of APS and 0.005% in volume of NH3. Results are summarized in the 
following table. 
Table 6. Ethylene pressure influence on the free radical polymerization of ethylene in 
watera 
Ethylene 
Pressure 
(bar) 
Yield (g) 
Melting 
point 
(°C)b 
Crystallinity 
(%)b 
Mn 
(g/mol)c PDI
c
 
Dp 
(nm)d PI
d
 
50 0.1 nd nd nd nd 
300 
(±20) 
0.66 
(±0.12) 
100 0.3 95.3 25 nd nd 
92 
(±1) 
0.09 
(±0.02) 
150 0.7 99.2 28 6500 4.5 
94 
(±1) 
0.04 
(±0.04) 
200 1.2 105.3 41 14300 6.5 
127 
(±3) 
0.03 
(±0.01) 
250 2 103.2 38 17200 5.2 
105 
(±1) 
0.03 
(±0.02) 
a: Polymerizations are performed during 4 hours with 70 mg of APS at 70°C in 50 mL of 
water at 0.005% in volume of NH3. b: determined by DSC. c: determined by HTSEC. 
d: determined by DLS. 
Yield of polymerization initiated by APS remains lower than with AIBA in similar 
experimental conditions. It is partly due to the lower decomposition rate of the APS in basic 
solution compared to the one of AIBA. 
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In all these experiments (except the polymerization performed under 50 bar of 
ethylene pressure) stable latexes are obtained. 
As usual, yield increases with the ethylene pressure. Maximum solid content of PE 
latex synthesized is 4 %. Average particles diameter slightly increases with the ethylene 
pressure. Number of particles increases as well ( 8.3PNp ∝ ). PI remains low indicating sphere 
like particles homogeneous in dimension. This has been confirmed using TEM pictures 
(Figure 32). 
 
Figure 32. Standard TEM picture obtained for PE particles synthesized in alkaline 
solution without SDS 
PE synthesized exhibit similar melting points as the PE synthesized with AIBA while 
molecular weights are lower: for example, respectively 105.3°C and 106°C for PE 
synthesized under 200 bar of ethylene pressure.  
One important point is to understand the origin of the particles stabilization. Indeed 
we perform this polymerization in basic aqueous solution. It is known that in this case the 
initiated radical is mostly a hydroxyl radical. Consequently the chain-end is functionalized by 
an alcohol group which cannot explain the particles stabilization. 
Moreover if the latex undergoes dialysis, PE particles flocculate (it should be noted 
that latexes synthesized using AIBA do not flocculate). Consequently the molecules which 
stabilize PE particles could possess a low molecular weight. We hypothesize that the sulphate 
radical can initiate some ethylene and undergo the oligomerization of PE, synthesizing in-situ 
surfactant for PE particles. This should be mostly an oligomerization otherwise dialyse will 
not destabilize the latex. Moreover surfactant in-situ synthesized seems to be in small amount 
since no measurable yield is obtained during the reaction of APS in water without NH3 
whatever the ethylene pressure. 
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3. Polymerization with SDS as surfactant 
In order to improve this polymerization we performed the same set of experiments 
with 4 g/L of SDS (over the cmc – see Table 7). 
Table 7. Ethylene pressure influence on the free radical polymerization of ethylene in an 
aqueous solution of 4 g/L of SDSa 
Ethylene 
Pressure 
(bar) 
Yield (g) 
Melting 
point 
(°C)b 
Crystallinity 
(%)b 
Mn 
(g/mol)c PDI
c
 
Dp 
(nm)d PI
d
 
50 0.3 nd nd 4600 2.7 nd nd 
100 0.6 97.3 25 14900 1.9 nd nd 
150 1.4 102.5 35 17800 4.2 nd nd 
200 2 103.2 37 29500 5.6 nd nd 
250 2.3 105.5 41 53000 4.7 nd nd 
a: Polymerizations are performed during 4 hours with 70 mg of APS at 70°C in 50 mL of an 
aqueous solution containing 4 g/L of SDS and 0.005% in volume of NH3. b: determined by 
DSC. c: determined by HTSEC. d: determined by DLS. 
In all cases no stable latex is obtained. This is an unexpected result as SDS is a 
surfactant which usually improves efficiently the stabilization of the particles.  
Yield of polymerization is slightly higher with SDS than without and increases with 
the ethylene pressure. 
Molecular weights also increase with the pressure (up to 53000 g/mol) and are higher 
than without SDS. Finally, PE melting point is also higher with SDS, than without. 
These results are unexpected. Indeed we demonstrate that the stabilization of PE 
nanoparticles in the surfactant-free polymerization must be due to oligoethylene terminated 
by a sulphate. These molecules are close in chemical formula to SDS. Then it remains to 
understand why 4 g/L of SDS destabilize the dispersion. 
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4. SDS emulsion zone of stability 
This destabilization of PE particles in presence of SDS is an unexpected result. 
Polymerizations with the same surfactant concentration using SDBS (cmc≈0.5 g/L) are also 
performed and lead to similar result. 
In order to understand this flocculation phenomenon, we perform polymerizations 
with several concentration of SDS from 0 g/L to 10 g/L. All experiments are done in the same 
conditions: 70°C, during 4 hours with 70 mg of APS in 50 mL of an aqueous solution 
containing 0.005% and ethylene pressure from 50 bar to 250 bar. Over 1 g/L whatever the 
ethylene pressure no stable latexes are obtained. But below, an area of stability is identified 
(see Figure 33). 
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Figure 33. Area of latex stability.  stable latex, x: flocculation. Labels are yield and 
average particles diametersa. a: determined by DLS 
At 0 g/L and 0.25 g/L of SDS yield increases with the ethylene pressure. The 
particles diameter, except at 50 bar, increases up to a maximum value at 200 bar then 
decreases. Over 0.25 g/L the optimum in yield is obtained at 200 bar. This pressure seems to 
be the optimum of polymerization since with 1 g/L of SDS polymerizations of ethylene at 
150 and 250 bar provide unstable latex. At constant pressure, yield increases with the SDS 
concentration and average particles diameters decreases with the SDS concentration. 
The explanation for the existence of this area of stability remains unclear and some 
complementary studies need to be performed in order to understand how SDS can destabilize 
PE particles. However it appears that the concentration of SDS has a crucial role on the 
destabilization mechanism. 
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D. Toward more complex architectures 
In order to access more complex nanostructures, we performed some tryouts in order 
to obtained hybrid nanoparticles (organic/organic or organic/inorganic). 
1. Hybrid organic-organic 
In this section polymerizations are performed using a native latex (PMMA, PS, PE) 
in order to obtain organic-organic hybrid nanoparticles. 
a) PMMA/PE particles 
(1) PMMA core 
First we perform a MMA polymerization in water with AIBA and CTAB in order to 
obtain a 20 % solid content PMMA latex with a narrow particles diameters distribution 
around 50 nm. The conversion of MMA is over 95%.  
Then, we prepare a latex at 10 % of solid content with an additional CTAB 
concentration of 4 g/L, with 80 mg of AIBA, and perform the polymerization during 4 hours 
at 70°C under ethylene pressure up to 250 bar. Results are summarized in the following table. 
Table 8. Tryouts of PMMA/PE hybrid particlesa 
Ethylene Pressure (bar) PE Yield (g) Dp (nm)b PIb 
native 0 48 (±1) 0.03 (±0.01) 
50 0.9 60 (±2) 0.13 (±0.05)  
100 3.9 76 (±4) 0.14 (±0.06) 
150 5.3 70 (±5) 0.11 (±0.03) 
200 7.3 77 (±3) 0.15 (±0.06) 
250 13.3 71 (±6) 0.16 (±0.04) 
a: Polymerizations are performed during 4 hours with 80 mg of AIBA at 70°C in 50 mL of a 
PMMA latex at 10% of solid content 4 g/L of CTAB. b: determined by DLS. 
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We observe that the solid content after polymerization is above the native solid 
content. Moreover the average particles diameters are also increased compared to the native 
PMMA latex. Consequently, some PE has been synthesized. However as the PI also increases 
(from 0.03 to 0.16) we cannot be sure that a core-shell architecture is obtained. It is possible 
that additional particles are synthesized. However, the number of particles is almost constant 
with ethylene pressure which is compatible with a core-shell morphology. Unfortunately 
TEM analyses are unable to confirm that PE shell surrounding PMMA core particles are 
synthesized (see Figure 34). 
 
Figure 34. Standard TEM picture obtained for PE/PMMA latex synthesized under 
150 bar of ethylene pressure 
Indeed no core-shell architecture is identified. However the picture obtained does not 
correspond to the one usually obtained for PE particles or PMMA particles (For PMMA 
latexes, cryo-TEM is mandatory in order to observe nanoparticles). Consequently the particles 
observed could be PE/PMMA hybrids. 
(2) PE core 
The opposite synthesis based on PE cores has been also investigated. But in this case 
a second population appears then latex flocculates. Since PE is not swollen by MMA, the 
core-shell synthesis is ineffective (since no MMA is inside the native particles) and 
consequently novel PMMA particles are synthesized. 
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b) PS/PE particles using a PS core 
For PS another strategy is tested. Large PS latex particles are chosen (narrow 
distribution around 100 nm synthesized without CTAB). Two experiments are performed at 
150 bar of ethylene pressure with a native PS latex at 10 % of solid content. In the first one 
80 mg of AIBA was added. Without any surfactant the nucleation of new particles will be 
disfavored.  
 
Figure 35. TEM picture of core-shell PS/PE using AIBA as initiator 
Yield shows that 0.6 g of PE were synthesized and DLS shows an increase of 
average diameter to 108 nm (native PS latex 101 nm) with a polydispersity index of 0.07 
(0.03 for the native PS).  
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By TEM analysis (see Figure 35) new smaller PE particles were observed. Moreover, 
some larger particles with a PS core and a thin shell of PE can be identified.  
In order to reduce the formation of new particles a new route of synthesis has been 
chosen. We add to the native PS latex 2 mL of styrene in which 50 mg of AIBN is dissolved 
in order to swell the native PS particles. Then the polymerization is performed at 150 bar of 
ethylene pressure at 70°C during 4 hours. 
Solid content indicates that 1.6 g of PE has been synthesized and particles diameters 
increase to 113 nm with a polydispersity index of 0.06. TEM show less PE particles and the 
PE shell appears thicker (see Figure 36). 
 
Figure 36. TEM picture of core-shell PS/PE using AIBN as initiator 
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These examples show some promising preliminary results but further studies needs 
to be done in order to obtain fully characterized core-shell nanoparticles with a PE core or 
shell. 
2. Hybrid organic/inorganic 
In this section we try to perform a radical ethylene polymerization with a stable 
dispersion of inorganic compounds in order to obtain stable hybrid latex. In all cases the 
polymerizations are performed under 150 bar of ethylene pressure at 70°C during 4 hours 
with 80 mg of AIBA.  
a) Silica hybrid particles 
We perform the polymerization with two kinds of silica, the Klebosol 50R50 
(Dp≈65 nm, and narrow distribution in alkaline solution) and Klebosol 30R12 (Dp≈25 nm, 
and broad distribution in alkaline solution) at 0.5% of inorganic solid content. 
We obtain with 50R50 a stable latex at 3.3% of solid content with particles diameters 
of 139 nm (PI=0.01). Theoretical inorganic content (18%) is in agreement with the 
experimental determination by ATG (17%). Moreover one population only is observed by 
TEM (see Figure 37).  
All these results indicate that core-shell particles should be present with a silica core 
and a PE shell. However the silica core cannot be identified on TEM pictures. 
 
Figure 37. Standard particles observed by TEM after the polymerization of ethylene in 
presence of 50R50 
Chapter III 
 III-226 
For 30R12 a stable latex of 1.8% of solid content with particles diameters of 148 nm 
(PI=0.03) is obtained. Theoretical inorganic content (27%) is well correlated with the 
experimental determination by ATG (22%). As for 50R50 only one population is observed by 
TEM.  
It should be noted that in both cases the inorganic content experimentally determined 
is lower than the theoretical one. Since the solid content is determined after filtration of the 
latex, it is possible that some silica aggregates during the polymerization. 
These results are promising but no direct evidence of the silica core is obtained and 
consequently additional experiments have to be performed.  
b) Clay hybrid particles 
We perform the polymerization with a water dispersion of laponite, an artificial clay, 
at a solid content of 0.2%. We obtain a latex of 1.4% of solid content with particles diameters 
of 149 nm (PI=0.05). No free laponite particles were observed by TEM (see Figure 38). 
Inorganic content (12%) determined by ATG is in good agreement with the theoretical value 
(14%).  
 
Figure 38. Standard particles observed by TEM after the polymerization of ethylene in 
presence of clay 
Once again, ATG indicates that some clay is present in the latex or at the surface of 
particles but no clay is evidenced by TEM. In consequence clay must be present inside the 
particles and further investigations needs to be done in order to characterize these particles. 
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E. Conclusion 
In this chapter, we reported that polyethylene can be easily synthesized by a free 
radical polymerization with a water soluble radical initiator which provides stable latexes. 
Latexes obtained with solid content up to 40 % and a good control of the particles diameters 
(20-200 nm) are formed. 
Moreover the polymer exhibits higher molecular weights compared to the 
polymerization performed in organic media, with molecular weights far above the 
entanglement weight and PDI between 5 and 8. Consequently, these PE could possess some 
interesting physical properties. Moreover, melting points fall in the range of 95°C to 105°C 
corresponding to an important branches content PE. 
Two different morphologies of PE particles are identified: sphere-like particles if the 
PE is synthesized with a CTAB concentration below 0.5 g/L, and cylinder-like particles if 
polymerization is performed with CTAB concentration over 0.5 g/L. Moreover these cylinder 
particles possess bigger crystallites than sphere-like particles. The crystallite dimension plays 
a crucial role in the PE particles morphology since for sphere-like particles their dimension 
corresponds to the facets dimension and for cylinder-like to the diameters of the particle itself. 
Some important clues in the mechanism of the cylinder-like particles formation have 
been reported. Indeed temperature and high CTAB concentration seem to play an important 
role. Moreover, stirring rate leads also to a dramatic effect on the polymerization which 
indicated that some physical forces such as collision should impact the cylinder-like particles 
formation. 
The properties of these latexes such as coating properties remain to be investigated 
but their low crystallinity should lead to an easy film formation. 
Polymerization in aqueous solution using standard emulsion radical initiator 
(persulfate) and standard surfactant (SDS) are also performed. In this case the polymerization 
takes place only if the aqueous solution is basic or acid. In basic solution, an aqueous 
dispersion of PE particles is obtained. However, these experimental conditions are less 
efficient than the polymerization initiated by AIBA with CTAB as surfactant. Moreover, SDS 
appears to have an unexpected behavior since flocculation is observed when too high 
concentrations of SDS are used. 
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Finally, this emulsion process could be used to generate hybrid particles 
(organic/organic and organic/inorganic). However up to now no clear-cut proof of the nature 
of the particles formed is available.  
As we will report in the following chapter, polymerization of ethylene in emulsion 
can be transposed to the copolymerization of ethylene with polar vinyl monomers in 
emulsion. This copolymerization will be compared to the direct copolymerization in solution.  
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In the previous chapters, the efficiency of the free radical polymerization of ethylene 
was demonstrated under mild experimental conditions (T<100°C and P<250 bar). Indeed 
polyethylene can be synthesized in a wide range of organic solvents at pressure as low as 
5 bar and temperature as low as 10°C via a radical mechanism. PE can also be synthesized in 
water using a water-soluble radical initiator. In this case stable PE latexes are obtained with 
solid content up to 40%. In this last case PE synthesized possess high molecular weight 
(Mn>106 g mol-1).  
These results have a crucial importance in the understanding of the hybrid 
radical/catalytic mechanism (that will be developed in the final chapter). During the 
“shuttling” between the radical mechanism and the catalytic mechanism, the influence of 
ethylene on the radical polymerization cannot be neglected anymore (see Figure 1). 
Therefore, the polar block synthesized by free radical polymerization could insert a certain 
amount of ethylene. Consequently, the multiblock copolymer synthesized by this mechanism 
should be composed of a polyethylene block synthesized by catalytic polymerization and 
another block rich in polar vinyl monomer (polar block) synthesized by radical 
polymerization.  
*
X
n m1-y y
*
Met polymer polymer
X
X
 
Figure 1. Hybrid mechanism of copolymerization 
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Therefore the fine study of the free radical copolymerization of ethylene needs to be 
done in order to estimate the composition of the polar block synthesized by hybrid 
copolymerization.  
Free radical copolymerization of ethylene has been well investigated using 
experimental conditions close to the industrial conditions ones (P>2000 bar and T>200°C) 
[1]. Indeed these kinds of copolymers are industrially produced in these conditions with polar 
vinyl monomer content below 20% in weight in order to keep some crystallinity in polymers. 
Low content of ethylene in poly(vinyl acetate) is also industrially produced (VAE) in 
emulsion under lower pressure and temperature. Recently some tryouts are reported for the 
ethylene polar vinyl monomer copolymerization at lower pressure and temperature (P<50 bar 
and T<100°C) [2] even using CRP techniques [3-6]. Copolymers produced exhibit low olefin 
content and usually only isolated ethylene units are present in the polymer chain. However, to 
the best of our knowledge no study has been reported in experimental conditions close to 
ours. 
In this chapter, we will investigate the radical copolymerization of ethylene with 
polar vinyl monomer under ethylene pressure up to 250 bar at 70°C. First the ethylene-methyl 
methacrylate (MMA) system will be studied in toluene, THF and DEC. The influence of 
solvent properties such as 
2





ε
µ
 and comonomer concentration on the copolymerization 
(reactivity ratios) will be highlighted.  
Then we will transpose this study to other monomers: styrene (Sty), butyl acrylate 
(BuA) and vinyl acetate (VAc). Copolymerization in emulsion will be also studied. Finally, 
the influence of additional Lewis acid will be investigated. 
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A. Parameters to consider for the ethylene 
copolymerization 
In this chapter, the determination of the reactivity ratio is crucial in order to 
rationalize copolymerization of ethylene (E) with a polar monomer (Pol). For this purpose 
Kelen Tüdos linearization method [7-9] is used to determine rE=
EPol
EE
k
k
 and rpol=
PolE
PolPol
k
k
. Note 
that, we will called in the following ethylene radical the final ethyl radical of the polymer 
growing chain (and also respectively MMA radical, BuA radical, etc). 
During copolymerization of ethylene with polar vinyl olefins, several parameters 
need be taken into account. 
1. Since ethylene homopolymerization is dependent of 
2





ε
µ
 of the 
polymerization media, kEE must be also dependent on this parameter. 
Therefore kEPol and kPolE should also be impacted by the 
2





ε
µ
. 
2. Moreover, since polar vinyl monomer possesses their own µ and ε, 
concentration of the comonomer will impact the initial µ and ε of the 
polymerization media thus kinetic rates of the copolymerization and 
reactivity ratios. 
3. The polar monomer concentration will decrease since during the 
copolymerization this monomer is incorporated to the polymer chain. 
Therefore, 
2





ε
µ
 of the polymerization media will vary with the conversion 
of the polar vinyl monomer. 
4. Finally, ratio itself of polar monomer over solvent will impact the 
copolymerization. Indeed, comonomer can originate from the solvation shell 
of the growing radical or from another one. The first process will be more 
probable at high initial concentration polar vinyl monomer. 
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All these parameters have to be taken into account in order to give an interpretation 
of the variation of the copolymerization reactivity ratios. From a thermodynamic point of 
view, 
2





ε
µ
 effect corresponds to an enthalpy effect of the relative stabilization by Van der 
Waals interactions of the radicals and monomers with solvent and the influence of the 
comonomer initial concentration correspond to an entropic effect in which the frequency of 
efficient shocks vary with the solvation shell composition. 
Consequently, for each copolymerization we will perform the copolymerization 
study at constant polar vinyl monomer over solvent ratio in different organic solvents in order 
to investigate the effect of the initial 
2





ε
µ
 of the polymerization medium. Then series of 
experiments will be performed at different polar vinyl monomer over solvent ratio in toluene 
in order to investigate the influence of the comonomer concentration. 
B. Ethylene-MMA copolymerization 
In this section, the copolymerization of ethylene with MMA will be investigated and 
detailed before applying this study to other comonomers in the next part. As already 
demonstrated ethylene free radical polymerization is strongly dependent of the properties of 
the solvent (µ, ε). It will be the same for the copolymerization of ethylene; i.e. kMMAE and 
kEMMA should be dependent of the solvent. Moreover MMA/solvent ratio will also impact the 
reactivity ratios of the copolymerization. 
Consequently, as MMA influences the initial µ and ε of the solvent polymerization 
medium, copolymerization will be studied at constant MMA/solvent ratio. 
1. Influence of the ethylene pressure 
The copolymerization of ethylene with MMA is performed at different ethylene 
pressures at 70°C during 4 hours initiated by 305 µmol of AIBN in toluene with 20% v/v of 
MMA. Results are summarized in the following table. 
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Table 1. Ethylene/MMA copolymerization in toluenea 
Ethylene 
pressure (bar) Yield (g) 
MMA content  
(mol %)b 
Glass transition 
(°C)c  
Mn (g/mol)d 
[PDId] 
0 5 100 105 nd 
25 4.8 95 109.1 34100 [1.7] 
50 3.3 90 102.1 26500 [1.8] 
100 1.4 78 77.4 10300 [1.4] 
150 1 74 75.4 10000 [1.5] 
200 0.9 73 74.9 14700 [1.6] 
250 1.5 68 67.7 12400 [1.7] 
a: Polymerizations are performed during 4 hours with 50 mg of AIBN at 70°C in 40 mL of 
toluene with 10 mL of MMA. b: determined by 1H NMR. c: determined by DSC. d: determined 
by HT-SEC 
a) Preliminary remarks 
Before considering the copolymerization, we verify that the homopolymerization of 
MMA is not disturbed by pressure itself and solvent. In this purpose, homopolymerizations 
are performed under various argon pressures up to 200 bar. No effect of the argon pressure is 
identified. Contrary to the homopolymerization of ethylene, no solvent activation effect is 
highlighted with MMA (same yield in toluene, THF and DEC using the same initial 
concentration of MMA). Consequently, MMA homopolymerization is independent of the 
pressure and the solvent used. 
Another point to take into consideration is the solubility of ethylene in MMA. As 
already mentioned in the second chapter, no difference in solubility has been identified 
between vinyl monomers such as MMA, styrene, BuA, VAc and organic solvents: DEC, 
toluene, THF.  
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Moreover the phase transition between a monophasic and a biphasic medium is also 
not drastically changed. With all these polar monomers, whatever their initial concentrations, 
below 100 bar the system is biphasic and over 150 bar of ethylene pressure monophasic at 
70°C.  
Consequently, the ethylene content is known for each polymerization conditions and 
therefore reactivity ratios can be calculated. 
b) Study of the ethylene-MMA copolymerization in toluene 
The copolymerization of ethylene with MMA is performed at different ethylene 
pressures from 25 bar to 250 bar (see Table 1). First, yield decreases with the pressure below 
100 bar. Then yield reaches a plateau from 100 to 200 bar and increases over 200 bar. The 
decrease of activity below 100 bar can be related to the ethylene insertion, since ethylene is 
usually described as a poorly reactive monomer (compared to MMA). Moreover since the 
solubility of ethylene in the polymerization medium increases the MMA is diluted by 
ethylene and consequently the reaction slows down. 
The average ethylene content of the copolymer is calculated thanks to 1H NMR. The 
ethylene insertion increases as expected with the ethylene pressure up to 35%. Below 200 bar, 
decrease of yield vs. ethylene insertion is almost linear, therefore the decrease in yield is due 
to the insertion of ethylene which slows down the copolymerization. Finally, over 250 bar a 
slight increase of yield is observed while the ethylene insertion increases.  
Average molecular weights of copolymers first decrease with pressure below 100 bar 
then increase over 150 bar. The initial decrease can be explained by a higher transfer capacity 
of ethylene radical compared to MMA radical. In all experiments, MWD is narrow which 
may indicate that only one family of copolymer is synthesized. 
Since we are able to determine the number of phases of the medium of 
polymerization (biphasic up to 100 bar and monophasic over 150 bar) and their composition, 
the reactivity ratio of the copolymerization can be calculated by Kelen Tüdos method: 
rMMA=28.1 and rE=0.07 using a terminal model.  
We can calculate the reactivity ratios because the ratio MMA/toluene is constant so 
the initial permittivity and dipole moment of the polymerization medium are almost 
unchanged in all these experiments. Therefore no variation of the kinetic rate via a solvent 
activating effect should take place. 
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However, the solvent properties change with MMA content and so with the 
conversion of MMA but the variation of 
2





ε
µ
 remains low, for instance below 5% with 
MMA conversion up to 15% (this will be developed in the following section, see Figure 5). 
For the experiments over 100 bar of ethylene pressure, the MMA conversion remains between 
7% and 12% whatever the ethylene pressure corresponding to a variation of 
2





ε
µ
 below 
5% during the polymerization compared to the initial value. Moreover, differences between 
all the final values of 
2





ε
µ
 remain below 2% between all experiments performed at 
different ethylene pressures over 100 bar. At 25 bar and 50 bar the MMA conversions are 
respectively 48% and 31% corresponding to higher variation of 
2





ε
µ
, 16% and 11% 
respectively.  
Consequently, kEE, kMMAE,  kEMMA, kMMAMMA  are assumed constant in this series of 
experiments and during the copolymerization except for the two experiments at ethylene 
pressure below 50 bar.  
The reactivity ratios of ethylene/MMA copolymerization (rMMA=28.1 and rE=0.07)  
induce a copolymer with a high probability of isolated ethylene units. Indeed, the average 
length of ethylene sequence [ ][ ]MMAErx EE += 1  remains close to 1. This has been 
confirmed by 13C NMR (see Table 2). Under 100 bar of ethylene pressure no consecutive 
ethylene units have been identified. 
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Table 2. Ethylene microstructures of the copolymer from 13C NMRa  
Pressure (bar) 25 50 100 150 200 250 
Ethylene content  
(% mol) 
5% 10% 22% 26% 27% 32% 
OO O O
 
100% 100% 82% 59% 59% 52% 
OO O O
x>1
 
0% 0% 18% 41% 41% 48% 
xE 1 1 1.18 1.62 1.6 2.1 
a: determined by 13C NMR for isolated ethylene by peak at 43.8 and 19 ppm and for longer 
sequence peak at 41, 24 and 32.4 ppm. 
Finally, glass transition temperatures of the copolymers decrease with the ethylene 
insertion as expected from 105°C to 68°C. No melting point has been identified therefore no 
homopolyethylene has been synthesized during the copolymerization. Moreover, the glass 
transition remains quite narrow. Consequently, the distribution in composition of the chain 
should be narrow. These results indicate that no homopolymers (PE or PMMA) have been 
synthesized. 
c) Chemical composition distribution of copolymers 
In order to go further these samples are analyzed at the DKI (Deutsches Kunststoff-
Institut, Darmstadt, Germany) using high temperature liquid chromatography in critical 
conditions of MMA (LC-CC PMMA exhibit same elution volume whatever their molecular 
weights). This technique uses an elution method designed to separate the polymers according 
to their chemical composition. Examples of chromatograms are shown in the following figure. 
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Figure 2. Overlay of chromatograms of P(E/MMA) samples. Stationary phase: Perfectsil 
300. Mobile phase: TCB and gradient TCB → TCB/cyclohexanone (20/80 v/v). 
Temperature: 140°C. Gradient of solvent is indicated by a dotted line 
Elution times increase with the MMA content of the copolymer from 2 mL for PE to 
29.5 mL for PMMA. Except when synthesized at 250 bar of ethylene pressure, copolymers 
exhibit only one peak between the PE and PMMA peak. Moreover, no trace of homopolymers 
is identified in the copolymer analyzed.  
Consequently, the elution time can be correlated to the MMA content determined by 
1H NMR (see Figure 3). Therefore, the two distributions of the copolymer synthesized under 
250 bar of ethylene pressure can be related to two average compositions of respectively 54% 
and 72% of MMA content. Average composition of MMA for this copolymer determined by 
NMR is 68% consequently the highest ethylene content distribution represents 25% of the 
copolymer which is in good agreement with the chromatogram.  
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A Intercept -32.15217 5.14688
A Slope 4.48572 0.19629
 
Figure 3. Correlation between elution time determined by LC-CC and MMA insertion 
determined by 1H NMR. 
It is noteworthy to mention that the bimodal distribution obtained for free radical 
copolymerization of ethylene with MMA under 250 bar of pressure is quite unexpected. It 
indicates that the polymerization is poorly controlled and probably two different media of 
polymerization exist.  
Indeed, at 250 bar the toluene/MMA/ethylene mixture is supercritical monophasic. 
However, the synthesized copolymer should “precipitate” and form therefore a second 
medium of polymerization since this copolymer can be swollen by MMA and toluene and 
therefore produces a second family of copolymer. It should be noted that it is not the case 
during ethylene homopolymerization because PE is not swollen by solvent and therefore does 
not create a second medium of polymerization. 
2. Influence of the solvent 
The same set of experiments is performed in THF and DEC in order to characterize a 
solvent activation effect on the ethylene copolymerization with MMA. Indeed initial 
2





ε
µ
 
will be different in each solvent and consequently lead to different reactivity ratios. Results 
are summarized in the following figure.  
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Figure 4. Influence of ethylene pressure on yield and MMA insertiona during radical 
copolymerization of ethylene with MMA in different solvents: 50 mg of AIBN during 
4 hours at 70°C with 10 mL of MMAin 40 mL  of toluene,  of THF, ● of DEC.  
a: determined by 1H NMR 
Yield and MMA insertion follow similar curves in all solvents. Yield decreases with 
ethylene pressure until reaching a plateau at 100 bar then slightly increases. MMA insertion 
decreases with ethylene pressure. Contrary to the homopolymerization of ethylene, no 
important differences in yield are observed between THF, toluene and DEC, indeed the 
copolymers are mostly composed of MMA which does not exhibit solvent activation effect. 
In THF, homopolymerization of ethylene is more efficient than in the two other 
solvents and as expected, the insertion of ethylene is higher than in toluene.  
Reactivity ratios in THF are calculated rMMA=20.6 and rE=0.20. Once again, the 
solvent properties change with the MMA conversion but the variation in this case is very low 
(only 1% with up to 20% of MMA conversion see Figure 5).  
In DEC, homopolymerization of ethylene is slightly more efficient than in toluene, 
consequently the ethylene insertions are almost similar. Reactivity ratio in DEC are calculated 
rMMA=28.4 and rE=0.14. Once again, the solvent properties change with the MMA conversion 
but in this case 
2





ε
µ
 increases significantly with MMA conversion (consequently, it will 
favor ethylene propagation – see Figure 5). For example, 
2





ε
µ
 increases of 5% with 20% 
of MMA conversion (see Figure 5). 
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Compared to toluene rMMA is smaller by a factor 1.4 in THF and almost identical in 
DEC. The homopolymerization of MMA follows the same kinetics in all these solvents so 
kMMAMMA should be constant. Consequently, kMMAE should be higher by a factor 1.4 in THF 
than in toluene and DEC (see Table 3).  
This means that the addition of a radical MMA on ethylene monomer is more 
efficient in THF than in toluene. As MMA is not known to exhibit a solvent activation effect, 
we can assume that this effect is only due to the ethylene itself. Consequently, the interaction 
between solvent and ethylene favors the addition of radical MMA by a factor 1.4 in THF 
compared to toluene. This effect is due to the interaction of the solvent with the ethylene 
reactant and/or the alkyl radical resulting from ethylene addition.  
The same methodology can be applied to rE, which is higher in THF (2.8) and DEC 
(2.0) than in toluene. As shown in chapter II, homopolymerization of ethylene is solvent 
dependent. Previously we demonstrated that a relation exists between the kinetic of reaction 
and the solvent parameter
2





ε
µ
 (see subsection C of chapter II). We assume that this 
solvent activation effect is only due to the propagation rate of ethylene in the different solvent 
(or that the effect of solvent is similar for propagation and termination), consequently kEE can 
be compared for each copolymerization. For example, in toluene (
2





ε
µ
=0.17 10-60 C².m², 
µ =1 10-30 C.m and ε =2.4) kEE is about 6 time smaller than in THF 
(
2





ε
µ
=0.59 10-60 C².m², µ =5.8 10-30 C.m and ε =7.6).  
This relation is also valid for solvents mixtures, therefore 
2





ε
µ
 can be calculated 
for any MMA mixture with solvent: MMA/toluene 1/4 v/v 
2





ε
µ
=0.25 10-60 C².m², 
MMA/THF 1/4 v/v 
2





ε
µ
=0.61 10-60 C².m² and MMA/DEC 1/4 v/v 
2





ε
µ
=1.36 10-60 C².m² using the standard mixing rule for relative permittivity 
∑
=
=
N
i
iiMixture x
1
εε , with ix  the volume fraction of solvent i  and iε  the solvent i  relative 
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permittivity and  for dipole ∑∑
= =
=
N
i
N
j
jijiMixture xx
1 1
µµµ , with iµ  the dipole moment of the 
solvent i , with for MMA µ =5.6 10-30 C.m and ε =6.5.  
Thanks to the relation between 
2





ε
µ
 and kEE (see chapter II-C), we can estimate 
that kEE in MMA/THF will be about 5 time higher than in MMA/toluene, and kEE in 
MMA/DEC 2.4 times higher than in MMA/toluene (see Table 3).  
It is noteworthy to mention that kEE during the copolymerization can be different to 
the one of the equivalent homopolymerization with same 
2





ε
µ
, however we assume that 
their relative value are similar. 
Therefore based on the determination of rE in each solvent, we can estimate that 
kEMMA is respectively 1.8 times higher in THF and 1.2 smaller in DEC than in toluene (see 
Table 3).  
Consequently, the addition of a non-substituted alkyl radical on MMA monomer is 
more efficient in THF than in toluene and DEC. Again we assume that this effect is only due 
to the alkyl radical itself since no solvent activation effect has been identified during the 
homopolymerization of MMA. For kEE, contributions on both ethylene monomer and alkyl 
radical exist. 
These sets of experiments show that even during the copolymerization solvent 
exhibit a crucial influence on the kinetic rate of propagation: kEE, kMMAE and kEMMA are 
dependent of the 
2





ε
µ
 of the polymerization medium. These results are summarized in the 
following table. 
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Table 3. Reactivity ratios and relative kinetic rates of the ethylene-MMA 
copolymerization 
Solvent 
2





ε
µ
  
(10-60 C²m²) 
rMMA 
relative 
kMMAMMA 
relative 
kMMAE 
rE 
relative 
kEE 
relative 
kEMMA 
Toluene 0.25 28.1 1 1 0.07 1 1 
THF 0.61 20.6 1 1.4 0.20 5 1.8 
DEC
 
1.36 28.4 1 1 0.14 2.4 0.8 
 
In THF, the three kinetics rates (kEE, kEMMA and kMMAE) appear to be maximal. Other 
solvent need be investigated in order to determine if a Λ-shaped curve is obtained (see ktot 
during the ethylene homopolymérisation in chapter II).  
3. Influence of MMA initial concentration 
The previous work evidences that ethylene monomer and ethylene radical are more 
reactive in THF than in toluene and DEC while MMA monomer and MMA radical exhibit the 
same reactivity in all three solvents. 
Moreover, it is important to highlight the ambivalence of the comonomer in the 
ethylene copolymerization. Indeed, MMA is a monomer and also a solvent which modifies 
the 
2





ε
µ
 of the mixture. Consequently, the copolymerization of ethylene/MMA in toluene 
with different amounts of MMA would not lead to the same reactivity ratios (see Table 4). 
Moreover these experiments will also be impacted by the change of MMA/toluene ratio. 
This behavior is shown by experiments performed for various MMA initial 
concentrations in toluene at ethylene pressures between 50 bar and 250 bar during 1 hour at 
70°C with 50 mg of AIBN. 
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Table 4. Reactivity ratios of ethylene MMA copolymerization vs. initial MMA contenta 
MMA volume (% vv) 10 20 40 60 80 100 
rMMA 5.52 8.85 17.0 21.6 37.0 51.6 
rE 0.06 0.08 0.12 0.41 0.54 1.07 
a: Polymerizations are performed between 50 bar and 250 bar of ethylene pressure during 
1 hour at 70°C with 50 mg of AIBN in 50 mL of toluene/MMA mixture. 
Both reactivity ratios increase with the concentration of MMA from 5.5 to 52 for 
rMMA and from 0.06 to 1.07 for rE. It should be noted that since polymerizations are performed 
at a given initial concentration of MMA in toluene in order to work at constant 
2





ε
µ
, the 
only way to change the ratio MMA/Ethylene in the feed is to play on the ethylene pressure. 
a) Preliminary remarks 
Surprisingly the reactivity ratio differs from the previous set of experiment at 
identical MMA concentration: rMMA=28.1 and rE=0.07 for an experiment performed during 
4 hours at 20% v/v of MMA (see Table 3) and rMMA=8.85 and rE=0.08 for an experiment 
performed during 1 hour at 20% vv of MMA (see Table 4).  
Only rMMA decreases (28.1 vs. 8.85), rE seems to be time independent (0.07 vs. 0.08). 
Is it an artefact? It cannot be explained by composition derivation of the monomer mixture 
(indeed a decrease of rMMA is expected at high MMA conversion) , but by the derivation of the 
solvent composition. Indeed, during the polymerization MMA is incorporated into the 
polymer chain. The overall solvent properties change consequently during the polymerization: 
e.g. 
2





ε
µ
 decreases vs. the MMA insertion in toluene while it increases in DEC (see Figure 
5). As a consequence, during the copolymerization, kinetic rates are dependent of 
2





ε
µ
, 
therefore they change leading to differences in reactivity ratios with the comonomer 
conversion. This impact will be more important with the increase of the MMA initial 
concentration (see Figure 5).  
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Figure 5. Variation of 
2





ε
µ
 with the MMA conversion 
In order to apply copolymerization kinetic laws we have to neglect this variation. In 
this purpose we work in all series of experiments at extremely low MMA conversion. 
b) Interpretation of the results 
Both rMMA and rE increase with the MMA amount. For rMMA this increase should only 
be due to a decrease of kMMAE with the MMA amount as kMMAMMA is expected to be constant 
(no solvent activation effect on MMA homopolymerization). A relation is observed between 
ln (1/rMMA) and 
2





ε
µ
 (see Figure 6a). 
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Figure 6. Influence of the initial 
2





ε
µ on the reactivity ratio: variation of  rMMA and 
 rE with different contents of MMA (∆ and  correspond to values measured with 
toluene, THF and DEC for 4 hours copolymerizations) 
Indeed according to the activated states theory (equation 1, see section C-2 of 
chapter II), ln(kMMAE) is proportional to 
2





ε
µ
 which was observed (see Figure 6a).  
2
ln 





∝
ε
µk   (1) 
These results show that kMMAE decreases with 
2





ε
µ
. Consequently, the stronger 
the interaction with the solvent is, the lower is kMMAE. This is not in agreement with the 
previous study performed with different solvents in which the kMMAE is almost constant with 
2





ε
µ
 (even if rMMA value are different, dependence with 
2





ε
µ
 are expected to be 
similar). However, in this case the MMA over solvent ratio remains constant.  
Indeed, MMA concentrations have a crucial importance since the solvation shell of 
the ethylene is partly made of MMA monomer which will more and more hide the ethylene to 
the growing radical (the radical will react with the MMA which solvates ethylene and not the 
ethylene itself- see Figure 7) when the MMA ratio over toluene increases. Consequently the 
frequency of efficient shocks should dramatically decrease with MMA concentration. 
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Contrary to 
2





ε
µ
, it is not an enthalpic effect due to the relative interactions of radicals and 
monomers with the solvent but an entropic effect. In order to summarize we can consider that 
RT
EAk aMMAE
−
= exp , A decrease with [MMA] and EA depends of 
2





ε
µ
.  
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Figure 7. Effect of the MMA concentration on kMMAE with S the solvent 
Therefore kMMAE decreases with MMA monomer initial content (see Figure 7). 
Consequently, kMMAE depends on the solvent 
2





ε
µ
 and on the concentration of MMA.  
Moreover this induces that kMMAMMA will also depend of the MMA concentration. 
Indeed MMA macroradical is surrounded by a solvation shell more and more composed of 
MMA. Therefore, the addition of MMA is most probably coming from outside the solvation 
shell at low MMA concentration and from inside at high MMA concentration (see Figure 8). 
These mechanisms must have different kinetic rates (kMMAMMAinside > kMMAMMAoutside). 
Consequently kMMAMMA should increase with the MMA concentration. 
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Figure 8. Effect of the MMA concentration on kMMAMMA with S the solvent 
For rE, the same modus operandi can be applied except that a correction must be 
done to unlink kEE variation (known for the homopolymerization experiments) and kEMMA 
unknown variation. Again a linear relation seems to exist between ln (1/rE cor) and 
2





ε
µ
 
(see Figure 6b). 
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Surprisingly kEMMA seems to decrease with 
2





ε
µ
. In the first series of experiments 
kEMMA slightly increases with this solvent parameters in this range of 
2





ε
µ
. Once again it 
may be a MMA concentration effect. 
It can be explained by the same argumentation as for kMMAMMA. Indeed as shown in 
Figure 9, kEMMA is expected to increase with MMA concentration because at low MMA 
concentration the additional monomer comes from another solvation shell and at high 
concentration from the radical solvation shell. 
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Figure 9. Effect of the MMA concentration on kEMMA with S the solvent 
Consequently, the observed decrease must be due to the fact that kEE was wrongly 
estimated. Indeed we use for kEE the variation of the homopolymerization of ethylene, while 
the concentration of MMA increases from one set of experiment to the other. In this case the 
comonomer is more and more present in the solvation shell, consequently the ethyl 
macroradical will more and more react with the MMA of the solvation shell. This leads to a 
decrease of kEE. It is exactly the same argument that for kMMAE.  
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Figure 10. Effect of the MMA concentration on kEE with S the solvent 
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In this section, we highlight that kinetic rate can also be impacted by entropic effect 
due to the variation of MMA initial concentration. Since an enthalpic effect due to 
stabilization by 
2





ε
µ
 is also impacted by the MMA monomer content, the decorrelation of 
both influences on the reactivity ratios need a more fine study. 
c) Conclusion 
These series of experiments show that the concentration of MMA itself in toluene 
leads to a variation of kinetic rate. However the 
2





ε
µ
 exhibits also an important role on the 
reactivity ratios. Consequently the apparent variation of reactivity ratios is due to two distinct 
mechanisms the MMA concentration in toluene and the 
2





ε
µ
 of the MMA toluene mixture 
(see Table 5). 
Table 5. Different factors to take into consideration in order to understand reactivity 
ratios variation 
 rMMA rE 
 kMMAMMA kMMAE kEE kEMMA 
2





ε
µ
 value - X X X 
variation of 
2





ε
µ
 
- X X X 
MMA over 
solvent ratio 
X X X X 
X means impacting and – not impacting. 
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4. Conclusion 
In this section, we demonstrated that the ethylene-MMA copolymerization takes 
place in various experimental conditions. Ethylene insertions are up to 50%. However, the 
copolymer is mostly composed of isolated ethylene units.  
Solvents and MMA concentration have a crucial role on the copolymerization 
reactivity ratio. Indeed solvent and MMA concentration impact the 
2





ε
µ
 of the medium of 
polymerization, which is a crucial parameter to quantify the activation effect of the solvent. 
Moreover 
2





ε
µ
 is not stable during the copolymerization since MMA concentration 
decrease with the conversion leading to variation of kinetics rates thus reactivity ratios during 
the copolymerization. Finally, MMA concentration itself inside the solvation shell of radicals 
and monomer impacts also the reactivity ratios. This last effect is an entropic contribution 
compared to the enthalpic contribution described by 
2





ε
µ
. 
In the following we will confirm these effects using other polar vinyl monomers in 
copolymerization with ethylene. 
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C. Investigation of the copolymerization with 
various polar monomers 
Different polar vinyl monomers such as styrene, butyl acrylate and vinyl acetate have 
been copolymerized with ethylene using AIBN radical initiation. A similar study than the 
ethylene MMA copolymerization is performed for each of these comonomers. 
1. Copolymerization with styrene 
Styrene is studied despite its non-polarity because this monomer simplifies the 
investigation of the comonomer effect. Indeed comonomers are ambivalent in the 
copolymerization of ethylene: they are both monomers and solvents, thus modify the kinetic 
copolymerization rates and therefore the reactivity ratios.  
For styrene, its low 
2





ε
µ
=0.03 10-60 C².m2 ( µ =0.41 10-30 C.m , ε =2.47) close to 
the value of toluene (
2





ε
µ
=0.17 10-60 C².m²) induces that for series of experiments at 
different styrene concentrations in toluene only the concentration effect of styrene will lead to 
variation of kinetic rate. Consequently the copolymerization in styrene allows the separate 
study of the monomer concentration effect and 
2





ε
µ
 effect. 
a) Influence of the solvent 
Polymerizations are performed at 70°C using 50 mg of AIBN with 20% in volume of 
styrene in toluene under ethylene pressure up to 250 bar during 4 hours. Results are 
summarized in the following table. 
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Table 6. Ethylene/Sty copolymerization in toluenea 
Ethylene 
pressure (bar) Yield (g) 
Sty content  
(mol %)b 
Glass transition 
(°C)c  
0 3 100 100 
25 1.5 97.5 87.9 
50 1 93 80.7 
100 0.4 82 64.6 
150 0.4 74 64.8 
200 0.3 72 62.8 
250 0.45 70 66.9 
a: Polymerizations are performed during 4 hours with 50 mg of AIBN at 70°C in 40 mL of 
toluene with 10 mL of styrene. b: determined by 1H NMR. c: determined by DSC 
As for MMA, copolymerization yield decreases with pressure up to 100 bar then 
reaches a plateau and slightly increases over 200 bar. Ethylene insertion increases with 
ethylene pressure up to 30%. Once again, the decrease in yield is mostly due to the insertion 
of slowly reacting ethylene monomer and also by the dilution of styrene by ethylene. 
As exact composition of the system is known for each ethylene pressure (ethylene 
content and phases), reactivity ratios of this copolymerization can be calculated rSty=66.3 and 
rE=0.51. 
Due to the lower reactivity of styrene compared to MMA, yield in all these 
experiments are much lower. Moreover, compared to MMA, rSty is higher than rMMA and rE is 
higher with styrene than with MMA. 
Finally, glass transition decreases with the ethylene pressure and content. This glass 
transition remains sharp and no melting point is observed which indicates that no 
homopolymer is synthesized and the composition distribution is narrow.  
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The same set of experiments is performed under identical conditions in THF and 
DEC (see Figure 11). 
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Figure 11. Influence of ethylene pressure on yield and styrene insertiona during radical 
copolymerization of ethylene with styrene in different solvents: 50 mg of AIBN during 
4 hours at 70°C with 10 mL of styrene in 40 mL  of toluene,  of THF, ● of DEC. 
 
a: determined by 1H NMR 
Solvents exhibit a dramatic effect on the ethylene insertion. In DEC, ethylene 
insertion is lower than in toluene and THF. The higher content of ethylene is obtained in THF. 
For example at 250 bar of ethylene pressure 35% of ethylene is inserted in THF, 30% in 
toluene and only 20% in DEC. 
Reactivity ratios are calculated in THF, rSty=30.0 and rE=0.51 and in DEC rSty=78.5 
and rE=0.39 (see Table 7).  
In the free radical homopolymerization of styrene, no solvent activation effect has 
been identified therefore kStySty is independent of the solvent. Consequently, kStyE is 2 times 
higher in THF than in toluene and in DEC kStyE is 1.3 times higher than in toluene (see Table 
7). Therefore, styryl radical addition on ethylene monomer is favored in THF compared to 
DEC and toluene.  
This result is in agreement with the result obtained for MMA copolymerization with 
ethylene. This indicates that this effect should be mostly due to specific interactions between 
solvent and ethylene itself, since similar results are obtained with two distinct comonomers. 
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For kEE, 
2





ε
µ
 needs to be calculated for each mixture in order to determine 
relative kEE: Sty/toluene 1/4 v/v 
2





ε
µ
=0.13 10-60 C².m² and Sty/THF 1/4 v/v 
2





ε
µ
=0.41 10-60 C².m² , Sty/DEC 1/4 v/v 
2





ε
µ
=1.02 10-60 C².m². Consequently, kEE is 
respectively 3 times higher in THF and 4 times in DEC than in toluene (see Table 7).  
Therefore kESty can be estimated: kESty in THF is almost equal to 3 times kESty in 
toluene and kESty in DEC is 6.5 higher than in toluene (see Table 7). Consequently, the 
addition of an ethyl radical on a styrene monomer is favored in DEC compared to THF and 
toluene.  
Contrary to MMA copolymerization with ethylene, kESty increases with 
2





ε
µ
. 
However, the range of 
2





ε
µ
 is between 0.1 to 1 10-60 C².m² during styrene 
copolymerization. For MMA copolymerization kEMMA increases between 0.25 to 
0.6 10-60 C².m² and then decrease for 
2





ε
µ
= 1.4 10-60 C².m². Consequently, a drop of kESty 
could take place over 1 10-60 C².m² in order to obtain result similar to the ethylene MMA 
copolymerization. 
Ethylene-styrene copolymerization results are summarized in the following table. 
Table 7. Reactivity ratios and relative kinetic rates of the ethylene-styrene 
copolymerization 
Solvent 
2





ε
µ
  
(10-60 C²m²) 
rsty 
relative 
kStySty 
relative 
kStyE 
rE 
relative 
kEE 
relative 
kESty 
Toluene 0.13 66.3 1 1 0.51 1 1 
THF 0.41 30.0 1 2 0.51 3 3 
DEC
 
1.02 78.5 1 0.8 0.39 4 6.5 
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Once again a crucial effect of the solvent on the reactivity ratios has been identified. 
This kinetic rate variation vs. 
2





ε
µ
 seems to be in agreement with the results obtained for 
the ethylene-MMA copolymerization.  
b) Influence of styrene initial concentration 
In order to understand the influence of the initial styrene concentration on the 
ethylene radical copolymerization, sets of experiments are performed in order to determine 
reactivity ratios (see Table 8). Copolymerizations conditions are during 1 hour between 50 bar 
and 250 bar of ethylene pressure in toluene initiated by 50 mg of AIBN. 
Table 8. Reactivity ratios of ethylene styrene copolymerization vs. initial styrene 
contenta 
Sty volume (% vv) 10 20 40 60 80 100 
rSty - - 7.0 26.6 17.7 19.0 
rE - - 0.20 0.58 0.62 0.74 
a: Polymerizations are performed between 50 bar and 250 bar of ethylene pressure during 
1 hour at 70°C with 50 mg of AIBN in 50 mL of toluene/styrene mixture. 
Reactivity ratios as expected are dependent on the styrene content: rSty increases with 
the concentration of styrene as well as rE. We are unable to calculate reactivity ratios at 
styrene concentration below 20 % because yields of polymerization are too low. 
In toluene, variations of 
2





ε
µ
 between the different series of experiment remain 
extremely low (from 0.02 to 0.1 10-60 C².m²). Therefore the difference in stabilization by Van 
der Waals interactions should not induce important variation of kinetics rates. Consequently 
only the concentration of styrene must impact the reactivity ratios. 
In the following figure we plot ln(1/rSty) and ln (1/rE corr) versus 
2





ε
µ
. 
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Figure 12. Influence of the initial 
2





ε
µ on the reactivity ratio: variation of  rSty and 
 rE with different contents of styrene (∆ and  correspond to values measured with 
toluene, THF and DEC for 4 hours copolymerizations) 
We observe that kESty and kStyE seem to decrease with initial styrene concentration 
(increase with 
2





ε
µ ). At high concentration of styrene (over 60% in volume) the reactivity 
ratio appears to be almost constant. 
Over this concentration, macroradicals are mostly surrounded by styrene monomer 
and therefore the styrene, which will react with the radical, has a higher probability to be from 
the solvation shell of the radical. Therefore as no solvent activation by 
2





ε
µ
 takes place all 
kinetics rate must be constant over this styrene concentration.  
Below this concentration, the styrene could come from outside the solvation shell 
therefore kESty and kStySty would depend on the styrene concentration and increase with the 
styrene concentration. For kEE and kStyE a decrease is expected. 
The increase of rSty with the styrene concentration is in agreement with the 
argumentation. 
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The increase of rE at low styrene concentration indicates that kEE is unexpected 
indeed kEE and kESty theoretical variation should lead to a decrease. This result must indicate 
that a solvent activation effect exist event at this low 
2





ε
µ
 variation. 
Consequently, even with a monomer which do not exhibit a solvent activation effect, 
a concentration effect exist. This system is especially important since it allows to unlink the 
concentration effect by performing polymerization under various styrene concentrations and 
the solvent effect by performing the polymerization using different solvents. 
Then to fully understand the copolymerization of ethylene with polar vinyl monomer 
three distinct parameters have to be taken into account: the solvent activation effect, the 
variation of this solvent effect with the monomer incorporation and the concentration of 
comonomer effect. 
2. Copolymerization with butyl acrylate 
Acrylates are another important class of monomers with solvent properties (µ and ε) 
close to MMA but exhibiting higher reactivity (kBuABuA>kMMAMMA). In this section butyl 
acrylate (BuA) copolymerization with ethylene is reported. 
a) Influence of the solvent 
Polymerizations are performed in a initial mixture of BuA/Toluene 1/4 v/v at 70°C 
using AIBN during 4 hours. Results are summarized in the following table. 
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Table 9. Ethylene/BuA copolymerization in toluenea 
Ethylene 
pressure (bar) Yield (g) 
BuA content 
( mol %)b 
Mn (g/mol)c 
[PDIc] 
0 5 100 nd 
25 7.5 78 26100 [2.9] 
50 7 65 25300 [2.7] 
100 4 55 28900 [1.9] 
150 4 54 30000 [2.0] 
200 4.5 51 18600 [2.2] 
250 5.5 41 30100 [2.5] 
a: Polymerizations are performed during 4 hours using 50 mg of AIBN at 70°C in 40 mL of 
toluene with 10 mL of BuA. b: determined by 1H NMR. c: determined by HTSEC 
As for styrene and MMA copolymerization with ethylene, yield first decreases until 
reaching a plateau at 100 bar and then increases over 200 bar. As expected, yield is higher 
with BuA than styrene or MMA due to the higher reactivity of acrylate.  
Ethylene insertion increases with pressure up to 60%. This high ethylene insertion is 
quite surprising and testifies that rBuA must be smaller than rMMA, while rE during the 
copolymerization with BuA must be higher than with MMA. 
In all of these copolymers, no melting point is identified by DSC, therefore no 
homopolyethylene is synthesized. 
Once again, as solubility of ethylene and the frontier between the monophasic and 
biphasic media are known, reactivity ratios can be calculated: rBuA=5.6 and rE=0.59. 
Compared to other investigated comonomers (MMA and styrene); ethylene insertion is 
favored during the copolymerization. 
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However, insertions of ethylene are surprisingly high therefore we performed further 
analysis at the DKI. HT-HPLC techniques with an elution designed to separate the polymer in 
function of their chemical composition are used in order to determine the composition 
distribution of this copolymer. Examples of chromatograms are shown in the following figure  
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Figure 13. Overlay of chromatograms of P(E/BuA) samples. Stationary phase: Perfectsil 
250. Mobile phase: TCB and gradient TCB → TCB/cyclohexanone (30/70 v/v). 
Temperature: 140°C. Gradient of solvent is indicated by a dotted line 
In all cases, only monomodal distributions are observed and no homopolymers are 
detected. Therefore a linear relation can be found with quite good agreement between the 
elution time and the BuA average incorporation determined by NMR (see Figure 14). 
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Figure 14. Correlation between elution time determined by LC-CC and BuA insertion 
determined by 1H NMR. 
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These results confirmed that under our experimental conditions, copolymer with 
ethylene content up to 60% can be synthesized.  
The same set of experiments is performed in DEC and THF, and similar results are 
obtained (see Figure 15). Reactivity ratios are also calculated in these two other solvents: in 
THF rBuA=2.7 rE=0.13 and in DEC rBuA=4.2 rE=0.51 (see Table 10). 
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Figure 15. Influence of ethylene pressure on yield and BuA insertiona during radical 
copolymerization of ethylene with BuA in different solvents: 50 mg of AIBN during 
4 hours at 70°C with 10 mL of BuA in 40 mL  of toluene,  of THF, ● of DEC.  
a: determined by 1H NMR 
As expected, yields are higher with THF as solvent than with other solvents due to 
the higher reactivity of ethylene in this solvent of ethylene. For each solvent the same type of 
curve is obtained. After a decrease of yield versus ethylene pressure a plateau is reached and 
followed by an increase over 200 bar. Moreover as expected ethylene insertion increases with 
ethylene pressure. 
These variations of reactivity ratios should be partially due to the solvent effect. 
Indeed 
2





ε
µ
 is different for each series of experiments: BuA/toluene 1/4 v/v 
2





ε
µ
=0.34 10-60 C².m² and BuA/THF 1/4 v/v 
2





ε
µ
=1.38 10-60 C².m² , BuA/DEC 1/4 v/v 
2





ε
µ
=1.62 10-60 C².m² with µ =6.3 10-30 C.m , ε =5.07 for BuA. 
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All these experiments are performed at the same initial BuA concentration then 
kBuABuA is constant and only variation of BuA concentration effect takes place. Consequently, 
kBuAE is respectively 2.1 times higher in THF and 1.3 times higher in DEC than in toluene 
(see Table 10). Therefore the addition of ethylene on acrylate radical is favored in THF 
compared to DEC or toluene.  
These results are similar to the previous ones obtained with styrene and MMA in 
copolymerization with ethylene. This indicates that the effect is mostly independent of the 
radical and only due to specific interactions between ethylene (monomer or radical) and the 
solvent. 
Ethylene reactivity ratio (rE) is also 
2





ε
µ
 dependent. As already mentioned kEE 
variation can be estimated: kEE is 1.7 times higher in THF and 1.3 in DEC than toluene (see 
Table 10).  
Consequently kEBuA is respectively 7.6 higher in THF and 1.5 higher in DEC than in 
toluene (see Table 10). The effect of solvent is particularly high with THF as the reactivity of 
ethyl radical toward butyl acrylate is increased by almost a factor 8. These results are in 
agreement with the results obtained during the MMA copolymerization with ethylene. 
Therefore the mechanisms involved must be similar. 
Ethylene-BuA copolymerization results are summarized in the following table.  
Table 10. Reactivity ratios and relative kinetic rates of the ethylene-BuA 
copolymerization 
Solvent 
2





ε
µ
  
(10-60 C²m²) 
rBuA 
relative 
kBuABuA 
relative 
kBuAE 
rE 
relative 
kEE 
relative 
kEBuA 
Toluene 0.34 5.6 1 1 0.59 1 1 
THF 1.38 2.7 1 2.1 0.13 1.7 7.6 
DEC
 
1.62 4.2 1 1.3 0.51 1.3 1.5 
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Once again a crucial effect of the solvent on the reactivity ratios has been identified. 
This kinetic rate variation vs. 
2





ε
µ
 seems to be in agreement with the results obtained for 
the ethylene-MMA copolymerization. Indeed kinetics rates (kBuAE, kEE, kEBuA) are higher in 
THF than in the two other solvents studied. 
b) Influence of BuA initial concentration 
Copolymerizations with different initial amounts of BuA are also performed in order 
to calculate the reactivity ratios. Results are summarized in the following table. 
Copolymerizations are done during 1 hour between 50 bar and 250 bar of ethylene pressure in 
toluene initiated by AIBN. 
Table 11. Reactivity ratios of ethylene BuA copolymerization vs. initial BuA contenta 
BuA volume (% vv) 10 20 40 60 80 100 
rBuA 9.8 9.2 9.5 6.1 5.6 - 
rE 0.21 0.22 0.16 0.03 0.30 - 
a: Polymerizations are performed between 50 bar and 250 bar of ethylene pressure during 
1 hour at 70°C with 50 mg of AIBN in 50 mL of toluene/BuA mixture. 
Contrary to previous monomers, reactivity ratios first decrease with the increase of 
BuA concentration until 60-80% then increase. Copolymerization in pure BuA are not easy to 
perform since there is an important lack of control of the reaction (exothermy up to 50°C has 
been observed, the high pressure reactor being not to study very fast reactions).  
Another specificity is that the reactivity ratios are in good agreement with the 
reactivity ratio calculated in the previous series of experiment. Consequently, neither the 
variation of 
2





ε
µ
 during the polymerization nor the decrease of BuA concentration will 
have a significant effect in this case.  
The different reactivity ratios are plotted versus 
2





ε
µ
 using the aforementioned 
calculation. 
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Figure 16. Influence of the initial 
2





ε
µ on the reactivity ratio: variation of  rBuA and 
 rE with different contents of styrene (∆ and  correspond to values measured with 
toluene, THF and DEC for 4 hours copolymerizations) 
rBuA is almost constant with the BuA concentration leading to a constant kBuAE, only a 
slight increase is observed. This means that the impact of BuA concentration on kBuABuA and 
kBuAE is equivalent. 
For kEBuA a Λ-shaped curve is observed as for ethylene homopolymerization. 
Optimum for the addition of ethyl radical on BuA monomer is for a BuA initial concentration 
of 60 % in volume over 
2





ε
µ
=1 10-60 C².m². These results are in agreement with the 
previous results obtained for copolymerization performing during 4 hours which may indicate 
that the BuA concentration effect is negligible for kEE and kEBuA. 
Compared to the other monomers studied up to now, BuA copolymerization with 
ethylene exhibits a specific behavior. Indeed BuA concentration effect seems to be negligible.  
However an important effect mostly due to 
2





ε
µ
 takes place for rE with variation 
from 0.03 to 0.58 (almost a factor 20). Consequently ethylene successive additions are very 
improbable except if the copolymerization takes place in THF or in toluene at 60% in volume 
of BuA. 
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3. Copolymerization with vinyl acetate 
Up to now three major monomers were studied: MMA, styrene, BuA. All of these 
monomers do not exhibit a solvent activation effect during their homopolymerization. In this 
section we will study the copolymerization with vinyl acetate (VAc) known for exhibiting a 
solvent activation effect in free radical polymerization such as ethylene. 
a) Influence of the solvent 
Ethylene vinyl acetate copolymerizations are performed in the same experimental 
conditions in three solvents: toluene, THF, DEC. Results are summarized in the following 
figure. 
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Figure 17. Influence of ethylene pressure on yield and VAc insertiona during radical 
copolymerization of ethylene with VAc in different solvents: 50 mg of AIBN during 
4 hours at 70°C with 10 mL of VAc in 40 mL  of toluene,  of THF, ● of DEC.  
a: determined by 1H NMR 
Contrary to the other copolymerizations performed up to now, yield is strongly 
dependent on the solvent used. Indeed THF is an efficient solvent for ethylene and VAc 
homopolymerization, DEC only for VAc and toluene for none of them.  
Consequently as expected at high VAc content polymerizations in DEC and THF are 
highly more efficient than in toluene. At low VAc content THF is the most efficient system 
and DEC is slightly more efficient than toluene. 
Another particularity is that the ethylene insertion is very high up to 95%. Therefore 
reactivity ratios of these copolymerizations are calculated: rVAC=0.11 rE=13.8 in toluene, 
rVAC=0.19 rE=16.8 in THF and rVAC=0.98 rE=10.1 in DEC (see Table 12).  
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In this case the interpretations of the reactivity ratios are more complex due to the 
solvent dependence of all kinetic rates, kVAcVAc, kEE, kEVAc and kVAcE. 
In the second chapter the study of the VAc homopolymerization in different solvents 
has been performed (see section C-7 of the chapter II). Consequently the relative rate of 
kVAcVAc can be estimated if we assume that the solvent activation effect is only due to the 
variation of propagation kinetic rate and not influenced by ethylene pressure. In THF VAc 
homopolymerization is 7 times more efficient than in toluene (4 in DEC – see Table 12).  
Therefore kVAcE is respectively 3.9 times higher in THF and 2.3 lower in DEC than in 
toluene (see Table 12). Consequently the VAc radical addition on ethylene monomer is more 
efficient in THF than toluene and DEC.  
Efficiency of the ethylene homopolymerization can also be estimated in each solvent 
as VAc/toluene 1/4 v/v 
2





ε
µ
=0.28 10-60 C².m², VAc/THF 1/4 v/v 
2





ε
µ
=0.64 10-60 C².m² 
and VAc/DEC 1/4 v/v 
2





ε
µ
=1.40 10-60 C².m² with µ =5.69 10-30 C.m and ε =6.1 for vinyl 
acetate. Consequently, in THF kEE will be 4.6 times higher (2.1 for DEC) than in toluene (see 
Table 12).  
Moreover kEVAc is 3.8 times higher in THF (2.9 for DEC) than in toluene (see Table 
12). Consequently the ethylene radical addition on vinyl acetate monomer is more efficient in 
THF and DEC than in toluene. 
These results are again similar to the previous variations observed during the 
different copolymerizations.  
Ethylene-VAc copolymerization results are summarized in the following table. 
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Table 12. Reactivity ratios and relative kinetic rates of the ethylene-VAc 
copolymerization 
Solvent 
2





ε
µ
  
(10-60 C²m²) 
rVAc 
relative 
kVAcVAc 
relative 
kVAcE 
rE 
relative 
kEE 
relative 
kEVAc 
Toluene 0.28 0.11 1 1 13.8 1 1 
THF 0.64 0.19 7 3.9 16.8 4.6 3.8 
DEC
 
1.40 0.98 4 0.4 10.1 2.1 2.3 
 
Once again a crucial effect of the solvent on the reactivity ratio has been identified. 
This kinetic rate variation vs. 
2





ε
µ
 seems to be in agreement with the results obtained for 
the ethylene-MMA copolymerization. It should be noted that contrary to other 
copolymerization studied up to now rE>rPol and therefore high ethylene insertion is reached. 
b) Influence of VAc initial concentration 
Polymerizations are also performed in toluene with different VAc initial 
concentrations in order to determine the reactivity ratios and their dependence to the monomer 
concentration and solvent properties. Results are summarized in the following table. 
Table 13. Reactivity ratios of ethylene VAc copolymerization vs. initial VAc contenta 
VAc volume (% vv) 10 20 40 60 80 100 
rAcV 0.43 0.14 0.46 0.64 0.77 1.7 
rE 4.8 5.1 5.1 4.6 4.6 3.2 
a: Polymerizations are performed between 50 bar and 250 bar of ethylene pressure during 
1 hour at 70°C with 50 mg of AIBN in 50 mL of toluene/VAc mixture. 
As expected reactivity ratios are strongly dependent on the initial VAc concentration. 
rVAc increases with the VAc concentration and rE roughly decreases.  
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Once again we plot the different reactivity ratios in function of 
2





ε
µ
 using the 
aforementioned calculation. 
Both series of experiments (copolymerization performed during 1 hour and 4 hours) 
provide similar results on the dependence of the reactivity ratio vs. 
2





ε
µ
 (see Figure 18). 
Values are almost identical for rVAc but rE is lower if the polymerizations are performed 
during 1 hour. This slight influence of polymerization duration is mostly due to the low 
conversion of VAc during the copolymerization since insertion of VAc in polymer chain 
remains low, therefore 
2





ε
µ
 variation remains low.  
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Figure 18. Influence of the initial 
2





ε
µ on the reactivity ratio: variation of  rVAc and 
 rE with different content of styrene (∆ and  correspond to values measured with 
toluene, THF and DEC for 4 hours copolymerizations) 
Calculations indicate that kEVAc increases with the VAc concentration until reaching 
a plateau over 60% in volume of VAc. For kVAcE a decrease is observed. Once again this 
variation is due to a global solvent effect 
2





ε
µ
 and to the VAc concentration. Indeed, if the 
solvent is mostly composed of VAc the monomer which will react with the macroradical is 
from the inner of the solvation shell. Therefore, kEVAc should increase and kVAcE decreases 
with the VAc concentration using the same argumentation aforementioned. 
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For both kEVAc and kVAcE the slight difference in behaviors indicates that some 
entropic effect could take place but the effect should be very low compared to the enthalpic 
effect. 
4. Conclusion 
Copolymerization of ethylene with polar vinyl monomers has been performed. 
Insertion of ethylene up to 60% is obtained. In the specific case of VAc even higher ethylene 
insertions can be reached.  
All these copolymerizations exhibit a solvent dependence of the reactivity ratios. 
Indeed the solvent modifies the kinetic rate of copolymerization and therefore favor or 
disfavor the ethylene insertion. Similar effects on kPolE and kEPol are observed since in almost 
all cases their values are maximal for THF (Table 14).  
Table 14. Relative kPolE and kEPol for different copolymerization studied 
 MMA Styrene BuA VAc 
Solvent kMMAE kEMMA kStyE kESty kBuAE kEBuA kVAcE kEVAc 
Toluene 1 1 1 1 1 1 1 1 
THF 1.4 1.8 2 3 2.1 7.6 3.9 3.8 
DEC 1 0.8 0.8 6.5 1.3 1.5 0.4 2.3 
 
Another effect identified is the monomer concentration effect itself. The comonomer, 
which will react, can come from the inside or outside of the solvation shell of the 
macroradical. The high concentrations of comonomer are in favor of the inner shell 
mechanism. 
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D. Copolymerization in emulsion 
Ethylene copolymerization in solution exhibits specific behaviors: some are usual in 
copolymerization (comonomer concentration effect) and some specific of ethylene (solvent 
activation effect). During these copolymerizations the ambivalence of comonomer as a 
monomer and a solvent is highlighted.  
In this section we report the copolymerization in water dispersed medium. Latexes 
synthesized could represent some interesting film properties due to their non negligible 
amount of ethylene in the polymer chain. 
Copolymerizations are performed without surfactant at 10% v/v of comonomer and 
initiated by water soluble AIBA. Stable latexes of ethylene copolymers with polar vinyl 
monomers are so obtained.  
Ethylene behavior in these emulsions will be completely different than during the 
homopolymerization in water since ethylene is soluble in the comonomer. Indeed, in this case 
ethylene is present in the comonomer droplets and therefore the diffusion in water will be 
faster (due to the higher surface of diffusion).  
1. Copolymerization with styrene 
Before investigating the copolymerization, the homopolymerization of the styrene in 
emulsion without surfactant under argon pressure was studied (see Figure 19).  
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Figure 19. Styrene emulsion polymerization under various argon pressures.  yield and 
 average particles diametersa vs. argon pressure at 70°C with 80 mg of AIBA in 45 mL 
of water with 5 mL of styrene during 2 hours. a: determined by DLS 
No important variation in yield or final particles diameters is identified after 
polymerizing during 2 hours at 70°C under various argon pressures (up to 200 bar) at 10% in 
volume of styrene with 80 mg of AIBA as radical initiator. Consequently, we assume that 
nucleation, diffusion of styrene and propagation are mostly independent of the pressure itself. 
Copolymerization of styrene in similar experimental conditions are performed under 
a given ethylene pressure using 305 µmol of AIBA as water soluble radical initiator dissolved 
in a mixture of water and styrene 9/1 v/v at 70°C during 2 hours. Results are summarized in 
the following figure. 
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Figure 20. Ethylene styrene copolymerization in emulsion under various ethylene 
pressures.  yield,  average particles diametersa and  styrene insertionb vs. ethylene 
pressure at 70°C with 80 mg of AIBA in 45 mL of water with 5 mL of styrene during 
2 hours. a: determined by DLS. b: determined by 1H NMR 
After the polymerization, ethylene is slowly degassed. In all experiments, stable latex 
without flocculation is isolated. It is important to note that no surfactant are present, 
consequently the stabilization is due to AIBA fragment at the end-chain of polymer. 
Yield decreases with ethylene pressure from 5 g to 1 g. As ethylene insertion 
increases with polymerization pressure, this decrease is due to the insertion of lowly reactive 
ethylene in the polymer chain. 
Average particles diameters decreases from 100 nm to 50 nm with the ethylene 
pressure. PI remains close to 0.15 in all experiments which could indicate that the particles 
diameters are broadly distributed. Finally, the number of particles remains almost constant in 
all these experiments; therefore the nucleation mechanism should be almost independent of 
the ethylene pressure.  
No melting points are observed by DSC consequently homopolyethylene was 
synthesized. TEM has been performed on these latexes (see Figure 21). 
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Figure 21. Standard TEM picture obtained for an ethylene/styrene copolymer 
synthesized at 200 bar of ethylene pressure 
Particles show a high distribution in diameters as expected from DLS measurement 
which should be due to a low control of the nucleation step. Particles are spherical and no 
facet is observed contrary to PE particles. No difference with standard polystyrene particles is 
observed.  
Finally, reactivity ratio can be calculated: rSty≈16 and rE≈0.01. These reactivity ratios 
are close to the ones obtained in solution. This indicates that the relative reactivity of the 
monomer remains unchanged in emulsion compared to solution process.  
2. Copolymerization with MMA 
The same series of experiments is performed with MMA instead of styrene in free-
surfactant emulsion. Results are summarized in the Figure 22.  
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Figure 22. Ethylene MMA copolymerization in emulsion under various ethylene 
pressures.  yield,  average particles diametersa and  MMA insertionb vs. ethylene 
pressure at 70°C with 80 mg of AIBA in 45 mL of water with 5 mL of MMA during 
2 hours. a: determined by DLS. b: determined by 1H NMR 
In all experiments stable latexes are obtained after copolymerization. 
Contrary to styrene copolymerization, yield is almost constant with the ethylene 
pressure (from 5.2 g to 5.9 g). A slight expected decrease of yield at low pressure and increase 
at high pressure is observed.  
Moreover, ethylene insertions drastically increase with pressure. This behavior is 
very different from the solution polymerization in which the insertion of ethylene 
dramatically slows down the polymerization. Indeed since the yield is almost independent 
from the ethylene insertion, the ethylene reactivity should be similar to the MMA reactivity 
during the copolymerization in emulsion. 
Average particles diameter remains constant around 90 nm over 50 bar of ethylene 
pressure. However at 25 bar and for the homopolymerization of MMA smaller particles of 
80 nm are obtained. Therefore the number of particles slightly increases with the ethylene 
pressure. 
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No particles can be observed by TEM due to the film formation of the particles and 
DSC analysis did not allow to show any melting point. Consequently, no homopolyethylene is 
produced. 
Finally, reactivity ratios are calculated rMMA≈15 and rE≈0.3. These values are close to 
the solution copolymerization. Therefore, the relative reactivities of ethylene and MMA are 
similar in emulsion and in solution. 
3. Copolymerization with BuA 
Copolymerizations are also performed with butyl acrylates in the same experimental 
conditions: 80 mg of AIBA during 2 hours at 70°C with 45 mL of water and 5 mL of BuA 
under different ethylene pressures. 
0 50 100 150 200 250
60
65
70
75
80
85
90
95
100
105
110
0 50 100 150 200 250
40
45
50
55
60
65
70
75
80
85
90
95
100
0 50 100 150 200 250
4.6
4.8
5.0
5.2
5.4
5.6
5.8
6.0
6.2
6.4
D
p 
(nm
)
Pressure of ethylene (bar)
%
 
Bu
A
Pressure of ethylene (bar)
Yi
e
ld
 
(g)
Pressure of ethylene (bar)
 
Figure 23. Ethylene BuA copolymerization in emulsion under various ethylene 
pressures.  yield,  average particles diametersa and  BuA insertionb vs. ethylene 
pressure at 70°C with 80 mg of AIBA in 45 mL of water with 5 mL of BuA during 
2 hours. a: determined by DLS. b: determined by 1H NMR 
Once again stable latexes are obtained. 
Yield follows a similar curve than in solution. Indeed at low pressure, yield decreases 
with the ethylene pressure until reaching a plateau and then increases over 200 bar of ethylene 
pressure. Insertion of ethylene also increases with the ethylene pressure up to 55 % at 250 bar.  
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Average particles diameters remain almost constant around 90 nm whatever the 
ethylene pressure. Therefore, the number of particles slightly increases with the ethylene 
pressure.  
Reactivity ratios are calculated using Kelen Tüdos method, rBuA≈80 and rE≈0.3. rE is 
close to the value obtained in solution copolymerization, however contrary to the precedent 
set rBuA is surprisingly higher.  
4. Copolymerization with VAc 
Finally vinyl acetate copolymerization was also investigated.  
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Figure 24. Ethylene VAc copolymerization in emulsion under various ethylene 
pressures.  yield,  average particles diametersa and  VAc insertionb vs. ethylene 
pressure at 70°C with 80 mg of AIBA in 45 mL of water with 5 mL of VAc during 
2 hours. a: determined by DLS. b: determined by 1H NMR 
Stable latexes are obtained whatever the ethylene pressure used. 
VAc copolymerization in emulsion exhibits a very different behavior than the other 
copolymerizations studied up to now. Indeed, yield increases with ethylene pressure up to 
150 bar then decreases. This is the exact opposite of the copolymerization in solution of THF 
or DEC and closer to the behavior with toluene. Ethylene insertion increases up to 90% at 
250 bar. 
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Moreover, particles diameters decrease with ethylene pressure from 100 nm to 
70 nm. Therefore the number of particles increases with the ethylene pressure.  
Reactivity ratios are calculated rVAc=1.7 and rE=17.7. rE is close to the value obtained 
in solution (see Table 12) however rVAc is surprisingly higher. This means that the relative 
reactivity of VAc compared to ethylene is increased in emulsion compared to solution. It 
could be due to the high water solubility of VAc (25 g/L at 20°C). 
5. Conclusion 
In this section, stable latexes of ethylene copolymers are obtained with similar 
ethylene insertion than the solution process. Consequently, these copolymers can be produced 
without organic solvent. Moreover, contrary to the solution process, in most of the case 
ethylene pressure impacts only the ethylene insertion. Indeed yield and average particles 
diameters remain almost constant whatever the ethylene pressure. 
The mechanisms of these copolymerizations remain to investigate, especially the 
droplet existence at high ethylene pressure. Indeed in this case polar monomer can be entirely 
present in headspace supercritical phase of the reactor with ethylene. 
Chapter IV 
 IV-280 
E. Conclusion 
In this chapter we report the free radical copolymerization of ethylene with four 
major polar vinyl monomers: MMA, BuA, styrene and VAc. Yield and ethylene insertion are 
as expected solvent dependent. 
Solvent and comonomer concentration have a crucial role on the copolymerization 
reactivity ratios. Indeed, at constant initial comonomer concentration, solvents induce an 
important variation of reactivity ratio via a solvent activation effect. Moreover, experiments 
performed at different comonomer concentrations show also variation of reactivity ratios. 
This is due to both effects: a solvent activation effect and a comonomer concentration effect. 
These effects correspond from the thermodynamic point of view in an enthalpic one 
in which the stabilization of monomers and radicals influence the kinetics of the 
copolymerization and an entropic one in which the frequency of efficient shocks is impacted. 
Copolymerizations in three different organic solvents are performed. High molar 
amounts of ethylene have been inserted in the polymer chain for each comonomer studied.  
Therefore the radical polymerization is able to insert important amounts of ethylene 
inside the polar chain. These inserted ethylene units are mostly isolated and no crystallinity is 
obtained except with VAc.  
In addition copolymerizations in aqueous dispersed medium are performed. In this 
case also similar copolymers are synthesized with reactivity ratios usually close to the one 
obtained in emulsion. These processes represent an important interest as the final copolymer 
synthesized could easily form films. 
However, for MMA, styrene and BuA copolymerization with ethylene, no long 
sequences of ethylene have been obtained since no melting point is observed whatever the 
experimental conditions used. Therefore, in order to obtained long sequences of ethylene and 
a semi-crystalline polymer another type of polymerization should be investigated.  
The insertion-coordination polymerization of ethylene on metal complexes is one of 
the most efficient systems to produce sequences of ethylene. However no efficient and 
versatile catalyst has been reported up to now for the copolymerization with polar vinyl 
monomer. 
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Consequently the hybrid mechanism (catalytic/radical polymerization) need be 
developed to obtain a wide range of new ethylene copolymers. To obtain an efficient system 
the “shuttling” between the two mechanisms has to be of several orders faster than 
termination and transfer rate in order to produce polymer chains with several catalytic-made 
and radical-made blocks. In the next chapter we will investigate the efficiency of the 
shuttling. 
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In the previous chapters we demonstrated the efficiency of the free radical 
polymerization of ethylene in organic solvent or in water. Then we investigated the free 
radical copolymerization of ethylene with other polar vinyl monomers. The ambivalent role of 
the comonomer as monomer and solvent has been highlighted in order to understand 
copolymerization mechanisms. Indeed reactivity ratios obtained depend of the solvent used 
and the comonomer concentration. 
However, these copolymerizations, excepted for vinyl acetate do not provide the full 
range of copolymer composition under our experimental conditions. Indeed ethylene 
insertions over 50 % are difficult to access using the pure radical pathway. 
By a catalytic polymerization, accessible copolymers have limited polar content and 
polar function (see chapter I). Insertion of methyl acrylate, the most studied comonomer, is 
reported up to 50% in the main chain [1], however activity and molecular weight are very 
low. Moreover for other polar monomers, insertion is rarely over 10% [2] and these polar 
units are mostly isolated in the polymer chain. 
Since all systems used for copolymerization of ethylene with polar vinyl monomer 
present important limitations, the investigation of a new hybrid way, developed at the LCPP, 
seems mandatory in order to access the full range of copolymer composition (see Figure 1). 
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Figure 1. Hybrid mechanism of polymerization 
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This copolymerization concept is based on the homolytic cleavage of a metal carbon 
bond in an ethylene polymerization catalyst, followed by the initiation of a radical 
polymerization of polar monomers by the radical released. Consequently multiblock 
copolymers of ethylene and a polar vinyl monomer can be synthesized if the metal carbon 
bond can be formed again by radical readdition. The ethylene block will be synthesized by 
catalytic polymerization and the polar by radical one. This multiblock architecture presents 
the additional advantage to allow the conservation of the polymer crystallinity even at high 
polar content. 
Alexandra Leblanc [3-6] demonstrated that the catalyst NiNO (see Figure 2) can 
initiate a radical polymerization in bulk of MMA and styrene. BuA can also be polymerized if 
triphenylphosphine is added to the system. This compound is to our knowledge the first 
example of an ethylene catalyst which initiates a radical polymerization with some efficiency. 
Indeed the reactivity ratios obtained during copolymerizations of MMA/BuA, MMA/styrene 
and BuA/styrene are close to the ones of a free radical copolymerization which confirms a 
radical mechanism. Consequently she used this compound to perform ethylene/MMA hybrid 
copolymerization with some promising results. 
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Figure 2. NiNO catalyst study 
In this chapter we will investigate further the nickel carbon bond cleavage and the 
interaction of NiNO with organic radicals. Indeed in order to control this type of 
copolymerization the homolytic cleavage of the metal carbon bond and the reformation of this 
bond need to be fully studied. Firstly polymerization in solution of polar vinyl monomer and 
ethylene initiated by NiNO will be studied and the influence of addition of AIBN 
investigated. In this chapter the mechanism of this cleavage will be studied and optimized. 
Finally, the addition of a variety of additional phosphorous ligands on this catalyst will be 
reported during polar vinyl monomer polymerization and ethylene polymerization. 
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A. Synergy effect between radical and catalytic 
polymerization 
In this section the effect of a radical source on the radical polymerization of polar 
vinyl monomer initiated by NiNO and the catalytic polymerization of ethylene initiated by 
NiNO is investigated. 
1. NiNO as a radical initiator of polymerization 
In order to confirm that NiNO can polymerize polar vinyl monomers in solution such 
as MMA, we perform polymerization at 70°C with 54 µmol of NiNO in 50 mL of a mixture 
toluene/monomer 4/1 v/v. Then kinetic profiles are determined via samples collections. 
Results are summarized in the following figure for MMA, BuA, styrene and VAc 
polymerizations. 
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Figure 3. Reaction profiles of the polar vinyl monomer polymerizations initiated by 
NiNO. 50 mg of NiNO at 70°C in 40 mL of toluene and 10 mL of  MMA,  Sty, 
 BuA and  VAc. 
The results obtained are similar to these obtained during the same polymerizations 
initiated by NiNO in bulk [3, 6]. Indeed NiNO is able to polymerize MMA and styrene even 
in solution. However, conversions remain low (<7% for MMA and 2% for styrene after 
8 hours of polymerization).  
Polymerizations of BuA and VAc surprisingly do not occur. Indeed BuA is one of 
the most reactive monomer for radical polymerization (compared to MMA and styrene). 
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Consequently the initiation mechanism seems to be inhibited by the presence of BuA. This 
may indicate that the monomer does not act as a spectator during the initiation. 
The reaction profiles follow the classical 1st order kinetics of a free radical 
polymerization since 
x−1
1ln  is proportional to time. Consequently, the half-life time of the 
species which initiates the polymerization can be calculated using the standard treatment of 
the kinetics profile [7].  
For MMA, at 70°C a half-life time (t1/2) of 200 min is measured. With styrene 
260 min is obtained. This difference in t1/2 between MMA and styrene, and the fact that the 
polymerization is not efficient with BuA, indicates that the initiator species interacts with the 
monomer. Consequently the initiator species is monomer dependent. For example the nickel 
carbon bond cleavage could take place after the monomer coordination to the NiNO or after a 
first monomer insertion (see Figure 4). 
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Figure 4. Schematically possible radical initiation by NiNO with CH2=CHX a polar vinyl 
monomer (2,1 and 1,2 insertion could take place) 
2. Effect of additional AIBN on the radical polymerization 
initiated by NiNO 
a) Case of MMA polymerization 
NiNO is able to initiate the polymerization of some polar vinyl monomers but the 
conversion remains low (<10%). In order to increase the efficiency of the free radical 
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polymerization of MMA we add to the solution ½ molar equivalent of AIBN per NiNO (see 
Figure 5. 
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Figure 5. Reaction profiles of the free radical polymerization of MMA. Polymerizations 
are performed at 70°C in 40 mL of toluene with 10 mL of MMA with  27µmol of 
AIBN,  54µmol of NiNO,  27µmol of AIBN and 54µmol of NiNO 
In all cases 1st order kinetics of free radical kinetic profiles are obtained since 
x−1
1ln  
is proportional to time. AIBN is more efficient than NiNO alone to polymerize MMA. The 
best system is the addition of both initiators in which conversion reaches almost 85% in 
10 hours. 
If we assume that the propagation rate (kp) and termination rate (kt) remain constant 
in each experiment (therefore NiNO acts only as a initiator of a radical polymerization), the 
efficiency factor for NiNO can be estimated.  
[ ]
t
tk
k
Ifkk
x
d
t
d
p 




 −
−=
− 2
exp12
1
1ln 0  
Therefore, for NiNO initiation alone [ ] [ ]NiNOIf NiNO 15.0= , consequently either all 
NiNO are poorly efficient initiators or only 15% of NiNO form an efficient initiator. The later 
possibility is in agreement with the initiation mechanism dependent on the monomer proposed 
in the Figure 4. 
With both initiators a synergy is observed as the rate of polymerization with NiNO 
and AIBN is over the sum of polymerization rate with each compound 
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(
AIBNNiNOAIBNNiNO PPP
RRR +>
+
). However, if we assume that [ ] [ ]NiNOIf NiNO =  (therefore a NiNO 
efficiency factor gets close to 100%) then equality is obtained. Consequently the addition of 
AIBN to the system increases dramatically the efficiency of NiNO initiation.  
This effect can be due to the interaction of the AIBN nitrile function and/or the 
organic radical with NiNO. However, this increase of the NiNO efficiency factor is not due to 
the nitrile function of AIBN since radical polymerization of MMA with NiNO and one molar 
equivalent of isobutyronitrile (IBN) per Ni does not disturb significantly the reaction profile. 
Consequently it is the interaction of the organic radical with the NiNO complex which 
increases the efficiency of the initiation. 
b) Case of styrene polymerization 
A similar set of experiments is performed with styrene instead of MMA leading to 
comparable findings (see Figure 6). 
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Figure 6. Reaction profiles of the free radical polymerization of styrene. Polymerizations 
are performed at 70°C in 40 mL of toluene with 10 mL of styrene with  27µmol of 
AIBN,  54µmol of NiNO,  27µmol of AIBN and 54µmol of NiNO 
Once again having NiNO and AIBN together is the most efficient system and 
conversion reaches 35 % in 10 hours. 
NiNO initiation parameters can be estimated if we assume that the propagation rate 
and termination rate of styrene are independent of the initiator. Then calculation predicts that 
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[ ] [ ]NiNOIf NiNO 25.0= . Once again, two possibilities exist: either only a low fraction of 
NiNO act as initiator or NiNO is a poorly efficient radical initiator. 
In the presence of the two initiators, a synergy effect is also observed and the 
effective efficiency factor of NiNO appears to reach 100%. 
Since NiNO initiation does not give similar efficiencies and half-life times in styrene 
and MMA polymerization, we assume that the real initiator is not NiNO itself but another 
species such as a complex between Ni and the monomer, which explains the differences in 
behaviors (see Figure 7). Indeed since the actual initiators are different their parameters 
(efficiency factor and half-life time) will differ as well. Consequently, NiNO is not a poor 
radical initiator but only a small fraction of the initial NiNO quantity acts as an initiator. 
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Figure 7. Proposed NiNO decomposition mechanism, with M a monomer 
If the real initiator is a complex between nickel and the monomer, other additional 
ligands could be added in the system in order to modify half-life time and efficiency factor of 
the initiator (see section C.1). Alexandra Leblanc already observed this ligand effect since she 
reported that BuA polymerization initiated by NiNO is only efficient in presence of additional 
triphenyl phosphine [3]. 
Finally, it should be underlined that the real initiation mechanism remains unknown 
and it could also be a cleavage of the nickel carbon bond after a first insertion of the polar 
vinyl monomer. 
3. Effect of additional AIBN on the ethylene catalytic 
polymerization 
NiNO is also a well known ethylene polymerization catalyst [8]. In this section we 
investigate the effect of AIBN on the catalytic polymerization of ethylene initiated by NiNO. 
In this purpose, we perform the polymerization in toluene under several ethylene pressures at 
70°C using 20 mg of NiNO with or without ½ molar equivalent of AIBN in 50 mL of toluene.  
It should be noted that under these experimental conditions AIBN alone does not 
produce polyethylene by a free radical mechanism. Indeed only 2 mg of AIBN are present in 
the solution. At this low concentration, AIBN can produce some polyethylene in THF under 
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high ethylene pressure (0.2 g under 250 bar at 70°C during 4 hours), however in THF no 
polymerization occurs using NiNO alone (THF probably poisons the catalyst). 
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Figure 8. Influence of ethylene pressure on yield and PE molecular weight.* 
Polymerizations are performed at 70°C in 50 mL of toluene during 4 hours with 20 mg 
of NiNO and without AIBN () or with ½ molar equivalent AIBN ().  
*: determined by HT-SEC 
Yield increases with ethylene concentration. The drop observed between 100 bar and 
150 bar of ethylene pressure correspond to the transition between monophasic and biphasic 
polymerization medium (see chapter II). 
Surprisingly the AIBN does not deactivate the polymerization of ethylene. Indeed 
higher activities are observed in the presence of AIBN. These activation effects remain tiny 
below 100 bar of ethylene pressure (below 20%). Over it, activation up to 70% (at 250 bar of 
ethylene pressure) is obtained. 
Using NiNO alone, Mn increases with ethylene pressure until reaching a plateau at 
150 bar. In the presence of AIBN, Mn increases then decreases over 100 bar of ethylene 
pressure. 
PEs synthesized in the presence of AIBN exhibit higher Mn below 100 bar of 
ethylene pressure and lower over 150 bar. The number of PE chain synthesized per Ni is 
similar below 100 bar but dramatically increases with the presence of AIBN over 150 bar of 
ethylene pressure. 
Investigation on the hybrid radical/catalytic mechanism 
 V-295 
Moreover PE melting point decreases of about 5°C in the presence of AIBN. Since 
these PE exhibit high molecular weights, this decrease must be due to an increase of the 
branching content. 
These results may indicate that the nitrile function of AIBN interacts with NiNO. 
However polymerizations are performed with varying amount of isobutyronitrile (IBN) as 
AIBN analogue and no trend on the yield, molecular weight and melting point is observed 
(see Table 1). 
Table 1. Influence of isobutyronitrile on the catalytic polymerization of ethylenea 
IBN/NiNO 
(mol/mol) 
Activity (g/mmol/h) Molecular weight 
(g/mol)b [PDI]b 
Melting point (°C)c 
0 95 9800 [2.3] 115.8 
0.1 98 10500 [2.5] 115.2 
0.5 93 10200 [1.9] 116 
1 103 9500 [2.1] 114.7 
2 96 12000 [2.2] 115.3 
5 100 10000 [2.0] 111.2 
10 90 8900 [2.5] 112.3 
100 85 11500 [2.7] 110.3 
a: Polymerizations are performed during 1 hour using 50 mg of NiNO at 70°C in 250 mL of 
toluene. b: determined by HTSEC. c: determined by DSC.  
Consequently the increase in activity and of the number of PE chain per Ni is due to 
an interaction between the AIBN radical and the catalyst itself during the polymerization (see 
Figure 9).  
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Figure 9. Possible interaction between catalyst and radical 
Indeed this figure shows that AIBN radical can act as a chain transfer agent and 
therefore increases the number of PE chain per Ni.  
The increase of activity can be due to the reactivation of “dead” catalyst by AIBN 
radical. Indeed we demonstrate that NiNO may suffer at 70°C a homolytic cleavage of the 
nickel carbon bond. Therefore if this cleavage also takes place during the ethylene 
polymerization, this could be a deactivation pathway of the NiNO ethylene polymerization 
catalyst. Then AIBN radical can recreate the metal-carbon bond and therefore regenerates in-
situ an ethylene catalyst. Consequently this reactivation mechanism increases the activity of 
the ethylene polymerization catalyst (see Figure 10).  
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Figure 10. Proposed reactivation mechanism of NiNO by AIBN 
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B. Mechanistic investigation 
NiNO is a catalyst which reveals some specific behaviors in presence of radicals. 
Indeed we demonstrated that NiNO can initiate the free radical polymerization of MMA and 
styrene in solution. The efficiency of this initiation step remains low and monomer dependent. 
However in presence of AIBN, the initiation by NiNO becomes almost 100% efficient. 
Moreover the addition of AIBN during the polymerization leads to higher activity 
and a larger number of chains per nickel. Then it seems that AIBN radical can interact with 
NiNO catalyst via a transfer reaction during the ethylene catalytic polymerization. 
Consequently we demonstrated that this NiNO complex is not only an ethylene 
polymerization catalyst but also an initiator of radical polymerization (see Figure 11). The 
mechanisms of initiation of radical polymerization as well as the synergy with AIBN need to 
be investigated. 
Ni
N O
PPh
Ph
Ph
Ph
+
+ PPh3
Ni
N O
P
Ph
Ph
Ph
Ni
N O
Ph
 
Figure 11. Ambivalence of the NiNO complexes 
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1. Two different possible mechanisms  
We demonstrate that NiNO can suffer a homolytic cleavage of the nickel-carbon 
bond. This cleavage controls the average length of blocks during the hybrid radical/catalytic 
copolymerization. 
a) With no additional source of radical 
With no additional source of radicals the mechanism of hybrid radical/catalytic 
polymerization can be summarized as follow. 
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Figure 12. Schematic kinetic steps of the polymerization with no additional radical 
source 
If we assume that kd and ka are independent of the R fragment as well as kp1 and kp2 
then the average block length can be estimated by simple kinetic calculations. 
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Usually as the component (Met-R) is quite stable (t1/2 about 200 min at 70°C) 
propagation rate is orders of magnitude over kd and ka. Therefore average block lengths can 
be extremely long and only diblock copolymers could be synthesized.  
In order to decrease this average block length an additional radical source need to be 
added to the system. Indeed to obtain shorter block with monocomponent systems ka and kd 
should be in the same order of magnitude than kp1 and kp2. However no organometallic 
ethylene polymerization catalyst with this kind of specification is known yet (Cobalt 
complexes involved in the CMRP can be considered as potential candidates but they do not 
homopolymerize ethylene.)  
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b) With an additional source of radicals 
Consequently an additional source of radicals is used in order to artificially increase 
the exchange rate between radical and catalytic polymerization and therefore decrease the 
average block length (see Figure 13). 
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Figure 13. Schematic kinetic steps of the polymerization with an additional radical 
source 
This figure summarizes the ideal bi-component hybrid polymerization. Indeed 
ethylene does not interfere during the radical polymerization and the polar vinyl monomer 
does not interfere during the catalytic one. 
We assume that kp1’ is equal to kp1 as well as kp2’ to kp2. The exchange mechanism 
can be performed by SR1 and/or SR2 therefore ka=kd=k (because va=vd).  
Therefore average block length can be calculated. 
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This exchange may be more efficient than the previous one. Then average block 
length would be shorter.  
Two different exchange mechanisms can be assumed: radical substitution of type 1 
(SR1) or type 2 (SR1) equivalents to SN1 and SN2. 
(1) Exchange type SR1 
SR1 can be characterized by the presence of Metn-1, which is for NiNO NiI species 
(see Figure 14). 
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Figure 14. SR1 mechanism 
(2) Exchange type SR2 
SR2 can be characterized by the presence of Metn+1, which is for NiNO NiIII species 
(see Figure 15). 
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Figure 15. SR2 mechanism 
Consequently the mechanism of exchange can be identified by isolating NiI or NiIII 
using spectroscopic techniques. As both of these compounds are paramagnetic, EPR (Electron 
Paramagnetic Resonance) technique is used. 
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2. Evidence of the homolytic cleavage of the Ni carbon 
bond 
Firstly, direct evidence of the cleavage of the metal carbon bond need to be found. In 
this purpose a concentrated solution of NiNO (5 mL of toluene with 250 mg of NiNO) is 
heated at 70°C during 24 hours, the coupling product of phenyl radical, biphenyl, is then 
identified by GC-MS (see Figure 16 and Figure 17).  
 
Figure 16. Experimental mass spectrum obtained 
 
Figure 17. Theoretical mass spectrum of biphenyl 
Experimental (Figure 16) and theoretical (Figure 17) mass spectra are correlated. 
Since no coupling product is obtained with unheated NiNO, this molecule is not produced 
during the analysis. Consequently, biphenyl is synthesized when NiNO is heated. This result 
is in agreement with a homolytic cleavage of the nickel phenyl bond and could explain the 
deactivation of the catalyst at high temperature. 
To go further EPR spectroscopy is performed at 110 K (see Figure 18) on a solution 
of NiNO in toluene. Three signals characteristic of a NiI anisotropic complex are observed 
(g1=2.019, g2=2.208, g3=2.340). It should be noted that the last signal (at high field) is 
observed without EPR probe and corresponds to a contamination of the EPR cavity. 
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Figure 18. EPR spectrum of NiI (Acquisition from 2800 G to 3400 G in 5min, 10 G of 
modulation at 9 dB at 110 K) 
This spectrum indicates that the NiI complex is strongly anisotropic. Only one 
species is present and in low concentration (indeed acquisition parameters are tuned to obtain 
this signal while in the most usual cases the signal of a paramagnetic species is so intense that 
the cavity signal can not be seen which is not the case for NiNO).  
Moreover no hyperfine coupling with phosphorous atoms is observed, consequently 
either no initial triphenyl phosphine is present on the NiI or the orbital which possesses the 
single electron does not expand on triphenyl phosphine ligand (for example dxy1 with 
phosphine along z axis).  
However we assume that phosphine plays a predominant role in the homolytic 
cleavage since Alexandra Leblanc demonstrated that the radical polymerization of BuA is 
only efficient with additional triphenyl phosphine [3]. Consequently triphenyl phosphine 
should interact with the initiator system and be present in the resulting NiI species.  
At 70°C we observe a unique signal giso=2.192. This corresponds to the average of 
g1, g2, and g3 ( 3
321 ggg ++
=2.189) therefore the same complex is observed at high 
temperature as expected. 
Finally an organic radical signal can be also identified by EPR (see Figure 19) but 
the resolution is too low to determine the hydrogen hyperfine coupling and therefore the 
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chemical structure of this radical. This spectrum must be accumulated at lower temperature in 
liquid helium in order to confirm the expected phenyl radical structure. 
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Figure 19. EPR signal of a organic radical (Accumulation of 2000 scans from 3315 G to 
3395 G in 2 sec, 0.1G of modulation at 33 dB at 110 K) 
In addition this organic radical resonance is in agreement with a carbon radical (not 
O, N, or I radical).  This EPR signal is extremely weak and 2000 scans need to be 
accumulated to observe this radical signal. This indicates that concentration of radical is low 
due to their efficient coupling in order to product diphenyl. 
The same behaviour is observed for NiI as the signal disappears if the sample is 
heated for too long (after 30 min no signal remains). Therefore two NiI species may dimerize 
to produce a diamagnetic bimetallic complex. 
Chapter V 
 V-304 
3. Evidence of the radical addition on NiNO 
If we perform the EPR spectrum of NiNO in toluene in presence of ½ molar 
equivalent of AIBN at 70°C we observe three signals (see Figure 20). The same giso of the NiI 
previously observed, giso corresponding to organic radical (at high field) and an intermediate 
giso at 2.07. This last species could be a NiIII species.  
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Figure 20. EPR spectrum at 70°C of NiNO in presence of AIBN (Acquisition from 
2800 G to 3400 G in 5min, 10G of modulation at 9dB) 
We are unable to clearly identify a peak at 110 K in order to determine the exact 
nature of the paramagnetic specie. However the giso obtained at 70°C is close to 2 indicating a 
more intern single electron therefore a higher oxidation degree. As only nickel is present in 
the EPR tube we assume that this signal corresponds to a NiIII species.  
Consequently, EPR proves that NiI and NiIII species are generated in similar 
experimental conditions therefore SR1 and SR2 mechanism can take place at the same time. 
The same NiI species seems to be present during the SR1 mechanism and the homolytic 
cleavage of NiNO without AIBN, consequently the spontaneous nickel carbon fragmentation 
mechanism may be very close to the one during SR1. 
For both observed paramagnetic species, the presence of triphenyl phosphine on 
nickel atom can not be determined since no phosphorous hyperfine coupling is observed.  
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4. Case of NiPO 
Alexandra Leblanc also used NiPO (see Figure 21) as a radical initiator [3-5]. This 
catalyst for ethylene polymerization can polymerize MMA and Sty in similar experimental 
conditions than NiNO.  
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Figure 21. NiPO catalyst 
We perform a similar study than with NiNO. For MMA polymerization, NiPO 
system seems more efficient since half life time of 300 min and efficiency factor of 70% are 
measured. However, no synergy effect with AIBN is identified: the same efficiency factor and 
half-life time is obtained with or without AIBN. 
Moreover the ethylene polymerization initiated by NiPO is almost totally deactivated 
by the addition of ½ equivalent of AIBN to the system. Indeed activity without AIBN is equal 
to 7.5 103 g mmol-1 h-1 at 70°C under 20 bar of ethylene pressure during 30 min using 20 mg 
of NiPO in 250 mL of toluene compared to 1.3 103 g mmol-1 h-1 in the presence of AIBN. 
This catalyst is also promising, however no synergy takes place between radical and 
catalytic polymerization (AIBN inhibits the catalytic polymerization and acts as spectator of 
the MMA polymerization initiated by NiNO). Moreover EPR and GC-MS do not indicate any 
direct evidence of the homolytic cleavage on the nickel carbon bond (no biphenyl, NiI and 
NiIII species have been observed).  
Moreover, the polyethylenes synthesized possess low molecular weight 
(Mn<1000 g/mol). Consequently we did not further study this compound for hybrid 
catalytic/radical polymerization. 
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C. Study of the phosphine effect during PMMA 
and PE syntheses 
Mechanistic study is unable to confirm the role of phosphine in the cleavage process 
of the nickel carbon bond while it is experimentally observed that the addition of phosphine 
favors the homolytic cleavage. Indeed Alexandra Leblanc [3] demonstrated that BuA 
polymerization is initiated by NiNO only in presence of additional PPh3. Moreover, MMA 
and styrene polymerizations are also activated by the addition of phosphine. These results 
indicate that an interaction must exist between phosphine and NiNO. 
In this section we investigate the interaction between phosphines and NiNO. For this 
purpose we perform MMA polymerizations and ethylene polymerizations both initiated by 
NiNO in the presence of additional phosphorous ligand. 
1. Influence of phosphorous ligand on the radical 
polymerization of MMA 
These series of experiments are performed at 70°C in 40 mL of toluene with 10 mL 
of MMA, using 50 mg of NiNO and 3 molar equivalents of phosphorous atoms per Ni. In all 
this section, we will assume that propagation and termination rates remain unchanged 
whatever the additional phosphorous ligand used and we will discuss only on an initiation 
step variation (half-life time and efficiency factor) caused by phosphine ligand addition. 
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a) Effect of triphenyl phosphine 
Firstly we compare the polymerization of MMA with and without additional 
triphenyl phosphine (see Figure 22). 
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Figure 22. Impact of triphenyl phosphine on the radical polymerization of MMA 
initiated by NiNO. 50 mg of NiNO at 70°C in 40 mL of toluene and 10 mL of MMA 
without  or with  3 eq of PPh3 
Surprisingly, the reaction profiles are different. Indeed polymerization is more 
efficient in presence of triphenyl phosphine. The initial rate of polymerization is equivalent 
however the half-life time increases of about 20 min to reach 220 min in the presence of PPh3. 
This increase explains most of the raise in yield obtained since the efficiency factor remains 
almost unchanged (it only slightly increases). 
Consequently, the addition of triphenyl phosphine impacts the initiator system itself 
and reduces the dissociation rate of the nickel carbon bond. Moreover since initial rate of 
polymerization is identical the efficiency factor of the initiator may also increase. 
These results prove that the phosphine is not spectator of the initiation but must 
interact with the NiNO complex. Since NiNO is already complexed by a triphenyl phosphine 
another coordination position must be used in order to modify the kinetic of the cleavage. 
Moreover, when additional PPh3 is added no signal of NiI and NiIII species is 
observed in EPR investigations. This could indicate that the coupling of paramagnetic species 
is more efficient in the presence of PPh3. Consequently we propose this type of mechanism 
(see Figure 23). 
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Figure 23. Proposed mechanism for triphenyl phosphine effect 
Moreover 31P NMR shows that new signals appear which indicates that other 
phosphine ligand coordinations take place. Indeed the 31P NMR spectrum performed after 
heating the NMR tube during 1 hour at 70°C shows four signals: 23.5 ppm corresponding to 
the initial coordinate PPh3, -5.3 ppm of free PPh3, and two signals at 24.3 and 23.3 ppm which 
can be attributed to the proposed bimetallic NiI species. 
b) Effect of other phosphines 
Since triphenyl phosphine impacts the reaction profile, other phosphine ligand can 
also be used in order to modify the kinetics of the MMA polymerization initiated by NiNO. 
The next figure shows some examples of reaction profiles obtained in the presence of various 
phosphines. 
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Figure 24. Impact of phosphine ligand on the radical polymerization of MMA using 
50 mg of NiNO at 70°C in 40 mL of toluene and 10 mL of MMA without  or with 3 eq. 
of  P(o-Tol)3,  PCy3,  PBu3,  PtBu3 
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As expected, reaction profiles are strongly impacted by additional phosphine. For 
example in the presence of PBu3 () the profile is almost linear indicating a high half-life 
time of the initiator. In the presence of PtBu3 () higher yields are obtained and conversions 
reaches 14% in 8 hours. Polymerization can also be slowed down for example in the presence 
of PCy3 (). 
Consequently, phosphine ligand strongly influences the initiation mechanism. Some 
phosphines raise the efficiency factor of the initiator while other decrease it, moreover half-
life time can also be increased or decreased. 
c) Effect of phosphites 
Similar identical series of experiments are performed using phosphite ligands (see 
Figure 25).  
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Figure 25. Impact of phosphite ligands on the radical polymerization of MMA using 
50 mg of NiNO at 70°C in 40 mL of toluene and 10 mL of MMA with 3 eq of  PPh3 
 P(OPh)3,  PBu3,  P(OBu)3,  P(OEt)3 
Phosphine and phosphite ligands exhibit totally different behaviors. Indeed aryl 
phosphites () lead to less efficient polymerization than aryl phosphines (). But alkyl 
phosphites () are extremely efficient compared to their phosphines counterparts (). In the 
presence of alkyl phosphite, conversion around 30% was reached in 8 hours with almost 
linear reaction profile indicating higher half-life time. 
In order to understand all these results we perform QALE (Quantitative Analysis of 
Ligand Effects) analysis on half-life time and efficiency of our systems. 
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d) Rationalisation of the phosphorous ligand effect 
Indeed mono-phosphorous ligands are usually described using QALE model by four 
independent parameters [9]: 
• χd [10, 11] – describes the s electron donor capacity. A small χd value means 
a highly s electron donor. χd is from -0.9 to 43 for phosphorous ligands. 
• θ [12] – corresponds to Tolman's cone angle. A large value of θ is associated 
with a large ligand. θ is from 87° to 184° for phosphorous ligands. 
• Ear [13] – describes the secondary electronic effect (origin unknown). 
Originally called the 'aryl effect' because in association with aryl groups on 
phosphorous. Nowadays authors have found that this effect is not limited to 
aryl groups. For example, PCl3 has one of the largest Ear value determined 
so far. We now refer to this effect as the 'Ear' effect. Ear range is from 0 to 
4.1 for phosphorous ligands. 
• πp [14] – describes the p electron acceptor capacity (π acidity). A large value 
indicates a strong π acid. πp range is from 0 to 13.2 for phosphorous ligand. 
Here is a table of these parameters for the phosphorous ligand used: 
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Table 2. QALE parameters of phophorous ligand used [9] 
Ligand 
number 
Phosphorous 
ligand 
χd θ Ear πp 
1 PPh3 13.25 145 2.7 0 
2 P(o-Tol)3 10.65 178 2.7 0 
3 PBu3 5.25 136 0 0 
4 PtBu3 0 182 0 0 
5 PCy3 1.4 170 0 0 
6 P(C6F5)3 34.8 184 4.1 0 
7 P(p-MeO-Ph)3 10.5 145 2.7 0 
8 P(OPh)3 23.6 128 1.3 4.1 
9 P(OBu)3 15.9 110 1.3 2.7 
10 P(OEt)3 15.8 109 1.1 2.9 
 
In the presence of these phosphorous ligands half-life times cover a wide range from 
60 to 360 min and efficiency factor from 4% to 100% during the MMA polymerization 
initiated by NiNO.  
Therefore using these four parameters (χd, θ, Ear, πp), a linear relation is found with 
half life time and efficiency of the initiator. In the following figure, we plot relative half-life 
time (
32/12/1 PPhtt ) and efficiency factor 3PPhff  vs. QALE parameters (see Figure 26). 
Chapter V 
 V-312 
0 1 2 3 4 5 6
0
1
2
3
4
5
6
7
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1 2
7
3
4
5
8
9 10
1
2
7
3 4
5
8
9
10
f re
l
-1.1*χd-0.08*(θ-160)+3.7*Ear+3.5pip
t 1/
2 
re
l
0.1*χd+0.01*(θ-140)-0.2*Ear-0.3pip
 
Figure 26. Master curves between QALE parameters and efficiency or half-life time of 
the initiator (labels correspond to ligand number in Table 2) 
It should be noted that the correlation between t1/2 and f with QALE parameters are 
different. Low s donation or high Tolman’s angle increases half-life time but decreases 
efficiency. Different contributions are also obtained for the two other parameters. 
In an overall view, strongly interacting phosphine (highly s donated, π retrodonated, 
low θ and high Ear) leads to low half-life time and high efficiency factor. Therefore a trade-
off between QALE parameters must be done in order to obtain the best initiator systems. 
Indeed high half-life time will usually lead to low efficiency factor and vice-versa. 
Since every phosphorous ligands which are less interacting than the initial PPh3 
impact the polymerization in this case at least two ligands (PPh3 and the additional 
phosphorous ligand) must interact with NiNO during the initiation mechanism. Indeed less 
interacting ligand cannot replace the initial phosphine and consequently impact the initiation 
mechanism. For ligands more interacting than interacting than PPh3, one or more phosphorous 
ligands can be involved (see Figure 27). 
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Figure 27. Proposed mechanism for the impact of phosphorous ligand on initiation 
mechanism (in the case of a lowly interacting ligand, the first equilibrium does not take 
place) 
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e) Case of multidentate phosphine ligands 
In order to access a better understanding of the system we perform the 
polymerization using different di-, tri- or tetraphosphines using 3 molar equivalents of 
phosphorous atoms per Ni.  
For tri- and tetraphosphines, no effect is observed. Indeed the three multidentate 
phosphines investigated (see Figure 28) do not lead to different reaction profiles except for 
lower efficiency than the one predicted by the master curve (Figure 26), due to a 
concentration effect. 
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Figure 28. Tri- and tetraphosphines studied 
However with diphosphine, a bidentate coordination effect is observed (reaction 
profile is not in agreement with the master curve obtained for monophosphine ligand) 
indicating that two phosphines may be involved in the initiation mechanism which is in 
agreement with our proposed mechanism (see Figure 23). 
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Figure 29. Impact of diphosphine ligands on the radical polymerization of MMA using 
50 mg of NiNO at 70°C in 40 mL of toluene and 10 mL of MMA with 3 eq of  PPh3, 
1.5 eq. of  DPPh,  DPPM,  DPPE,  DPPP, ⊳ DPPB,  DPPPe,  DPPH 
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Figure 30. Diphosphine used with phenyl as spacer (DPPh) or alkyl (DPPM n=1 to 
DPPH n=6) 
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Triphenyl phosphine () and DPPh () exhibit similar behavior therefore DPPh does 
not provide bidendate coordination effect. For other diphosphine yield increases with the 
length of the spacer between the two phosphines. In fact compared to the theoretical reaction 
profile obtained in the presence of 3 eq. P(Et)Ph2 (the equivalent monophosphine), 
DPPM () lead to lower yield and DPPE () to DPPB (⊳) exhibit similar reactivity profile. 
For DPPM it must be due to the impact of the second phosphorous atom on the QALE 
properties compared to the monophosphine. 
Consequently only DPPPe () and DPPH () exhibit a significant bidentate 
coordination effect. Half-life time remains almost unchanged but efficiency increases. This 
induces that the “bite angle” between the two phosphines should be over 100° (see Table 5). 
This infirms a square planar structure with an axial/equatorial complexation but is more 
compatible with a tetrahedral structure (see Figure 31).  
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Figure 31. Schematic bidentate effect on the initiation by NiNO 
It should be noted that since no tri- nor tetradentate coordination effects have been 
identified only two phosphorous atoms should be involved in the resulting species created 
after the homolytic cleavage of the nickel carbon bond. 
2. Effect of the phosphorous ligand on the catalytic 
polymerization 
Since phosphorous ligands strongly impact the homolytic cleavage of the nickel 
carbon bond, there should also exist an effect during the ethylene catalytic polymerization. 
Therefore the radical ethylene polymerization initiated by NiNO is investigated in the 
presence of phosphorous ligand. 
It should be noted that this study is at the opposite of the usual use of NiNO, in 
which phosphine scavengers (such as NiCOD2) are added in order to release the vacancy 
where ethylene will coordinate and therefore activate the ethylene catalytic polymerization. 
Therefore since ligand is added, a deactivation should be expected. 
Since we demonstrated that phosphorous ligands induce effect on the homolytic 
cleavage of the nickel carbon bond which is a potential deactivation pathway of NiNO 
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ethylene polymerization catalyst, therefore we perform ethylene polymerization at lower 
temperature (50°C instead of 70°C) in order to study the effect of ligand on the catalytic 
polymerization only, with negligible loss of metal carbon bond via homolytic cleavage. 
As mentioned before, in these experimental conditions, no radical polymerization of 
ethylene takes place. 
Consequently polymerizations are performed using 20 mg of NiNO and 1 molar 
equivalent of phosphorous atom per Ni in 250 mL of toluene at 50°C during 1 hour under 
20 bar of ethylene pressure.  
a) Effect of phosphines 
Results are summarized in the following table. 
Table 3. Phosphines effects on the ethylene polymerization by NiNO catalysta 
Additional  
phosphine 
Activity  
(g mmol-1  h-1 ) 
Mn (g/mol)b  
[PDI]b 
Melting Temperature 
 (°C)c 
- 94.7 7150 [2.2] 117.9 
PPh3 209 16150 [2.2] 118.1 
P(o-Tol)3 146 14200 [1.9] 113.3 
PBu3 1.1 nd [nd] nd 
PtBu3 40.6 nd [nd] 118.1 
PCy3 201 23700 [2.1] 118.0 
P(C6F5)3 135 10600 [2.1] 110.9 
P(p-MeO-Ph)3 96.1 16300 [2.3] 115.6 
a: Polymerizations are performed during 1 hour using 20 mg of NiNO at 50°C in 250 mL of 
toluene under 20 bar of ethylene pressure with 1 molar equivalent of PR3. b: determined by 
HTSEC. c: determined by DSC.  
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As expected we observe a dependence of activity, PE molecular weight and melting 
point on phosphine ligands. However, surprisingly some additional ligands activate the 
catalytic polymerization of ethylene. Indeed triphenyl phosphine and tricyclohexyl phosphine 
induce an activation of the polymerization. Alkyl phosphines such as tributyl or tritertbutyl 
phoshine decrease the activity.  
P(o-Tol)3 also slightly increases the activity but leads to a decrease of 5°C of the 
melting point. Similar findings are obtained in the presence of P(C6F5)3. Only in the presence 
of these two phosphines an important decrease of melting point is observed.  
MWD remains narrow whatever the phosphine used. Mn increases in the presence of 
phosphines. Indeed the number of chains per nickel remains almost constant for different 
phosphines (10-13 chains per Ni) except for P(p-MeOPh)3 (6 chains per Ni). This last 
phosphine exhibits a specific behavior since the activity remains almost unchanged and the 
melting point decreases only of 2°C but transfer constant is divided by a factor 2. 
In conclusion, additional phosphines do not act as spectator during the ethylene 
polymerization. They induce change in activity, transfer constant and branches content. 
b) Effect of phosphites 
Ethylene polymerizations in presence of phosphites are also performed at 50°C (see 
Table 4). 
Table 4. Phospines andPhosphites effects on the ethylene polymerization by NiNO 
catalysta 
Additional phosphorous ligand Activity (g mmol-1 h-1) Melting Temperature (°C)a 
- 94.7 117.9 
PPh3 209 118.1 
P(OPh)3 14.1 117.5 
PBu3 1.1 nd 
P(OEt)3 53.5 119.2 
a: Polymerizations are performed during 1 hour using 20 mg of NiNO at 50°C in 250 mL of 
toluene under 20 bar of ethylene pressure. b: determined by DSC.  
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The presence of phosphites leads to low activity. However, the alkyl phosphite 
induces higher activity than the polymerization in the presence of alkyl phosphine 
counterpart. Moreover contrary to phosphine, the polymerization with aryl phosphite is less 
active than the one in the presence of alkyl phosphite. 
c) Rationalization of the activity in presence of phosphorous 
ligands 
Again using QALE model we can propose some tendency to explain the impact of 
ligand on activity with the four parameters of phosphorous ligand. For activity no master 
curve can be found which may indicate a change of mechanism depending on the 
phosphorous ligand used. Phosphines and phosphites seem to act by two different 
mechanisms but for each of them s donation increase leads to a decrease of activity and so do 
Ear and πp, while bulkiness of ligand increase leads to an increase of the activity. A simple 
mechanism can nevertheless explain the activities observed (see Figure 32).  
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Figure 32. Proposed mechanism of interaction of phophorous ligand during ethylene 
polymerization 
The more interacting the phosphorous ligand is, the harder it will be for ethylene to 
coordinate and insert in the nickel carbon bond, consequently activity of the polymerization 
decreases. It is worthy to mention that this mechanism only explains the decrease of activity 
compared to the polymerization without additional ligand.  
The activation of the polymerization by triphenyl phosphine can be explained using 
the axial coordination position demonstrated during the study of part C-1 (see Figure 33). 
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Figure 33. Proposed explanation for ligand activation of the ethylene polymerization 
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The axial PPh3 coordination may favor the release of the cis vacancy and therefore 
increase the activity of the ethylene polymerization. 
For melting point and number of chains per Ni, further investigations need to be 
performed in order to obtain more experimental evidences of influence of phosphorous 
ligand. Then some tendency could be observed.  
d) Effect of diphosphines 
We also investigate the effect of diphosphines. Results are summarized in the 
following table. 
Table 5. Diphosphine effect on the ethylene polymerization by NiNO catalysta 
Phosphine Bite angle (°) Activity  (g mmol-1 h-1) 
Mn (g/mol)b  
[PDI]b 
Melting temperature (°C)c 
- - 94.7 7150 [2.2] 117.9 
PPh3 - 209 16150 [2.2] 118.1 
DPPPh
 
109 201 18200 [2.1] 115.1 
PEtPh2 - 54.1 15794 [3.2] 119.6 
DPPM
 
<80 117 16100 [2.3] 117.1 
DPPE
 
85 155 12700 [2.5] 116.2 
DPPP
 
91 120 18400 [2.2] 115.4 
DPPB
 
98 21.7 11000 [1.9] 116.2 
DPPPe
 
111 344 9450 [2.6] 111.8 
DPPH 120 21.0 10100 [2.0] 114.4 
a: Polymerizations are performed during 1 hour with 20 mg of NiNO at 50°C in 250 mL of 
toluene under 20 bar of ethylene pressure. b: determined by HTSEC. c: determined by DSC.  
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Surprisingly a strong bidentate coordination effect has been observed. PPh3 and 
DPPPh induce almost same activity and average molecular weight however PE synthesized in 
the presence of DPPh possesses more branches as melting point decreases of 3°C.  
For the other diphosphines series, diphosphine with spacer from 1 to 3 carbon length 
increases the activity of polymerization, and then in presence of DPPB or DPPH the 
polymerization is almost inefficient. DPPPe leads to the most efficient polymerization with 
activity of 344 g mmol-1 h-1. Moreover with this diphosphine, PE melting point decreases of 
6°C indicating a higher chain-walking probability.  
This very specific efficiency in the presence of DPPe indicates a well defined 
ethylene polymerization catalyst involving a chelate phosphine which fit only for a pentyl 
spacer. As N,O ligands can not be removed an octahedral geometry can be proposed (see 
Figure 34). 
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Figure 34. Proposed ethylene catalyst in situ synthesized with DPPPe 
This octahedral catalyst is more active during ethylene polymerization than the initial 
NiNO square planar catalyst and leads to more branched PE. Moreover number of PE chains 
per Ni increases by a factor three indicating a high chain transfer ability which is in agreement 
with the high branching content.  
Experimental investigations to crystallize the resulting complex from the interactions 
between NiNO and DPPPe are in progress. 
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e) Other ligands 
Finally other classes of ligands are used from NPh3 to SbPh3 in similar experimental 
conditions. Results are summarized in the next table. 
Table 6. Influence on the ethylene polymerization by NiNO catalyst with ligands of other 
atomsa 
Ligand Activity (g/mmol/h) Melting Temperature (°C)b 
 94.7 117.9 
NPh3 398 111.4 
PPh3 209 118.1 
AsPh3 134 114.7 
SbPh3 76.5 116.4 
a: Polymerizations are performed during 1 hour using 20 mg of NiNO at 50°C in 250 mL of 
toluene under 20 bar of ethylene pressure. b: determined by DSC.  
Activity decreases from nitrogen to antimonies. It is linked to the fact that the 
Tolman’s angle remains almost constant in this series while s donation decrease (from N to 
Sb) and π retrodonation increase. These results are in agreement with the previous findings. 
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D. Conclusion 
In this chapter we demonstrate that a homolytic cleavage of the nickel carbon bond 
of the NiNO complex takes place under some of our experimental conditions. This cleavage 
appears to be monomer dependent since half-life time and efficiency factor are different 
between the polymerization of MMA and styrene. Moreover VAc and BuA can not be 
polymerized by NiNO. 
Moreover, this cleavage can be optimized by adding AIBN to the system. A real 
synergy between the catalytic and radical polymerization takes place since the radical and 
catalytic polymerizations are more efficient in the presence of AIBN. These indicate that 
radicals can interact with Ni complexes. These exchange mechanisms by SR1 and SR2 have 
been demonstrated by EPR.  
Moreover additional phosphorous ligand effects have been studied for ethylene and 
MMA polymerization.  
In the last case the additions of phosphine change dramatically efficiency factor 
(from 4 to 100%) and half-life time (from 60 to 360 min) of the initiation system. This 
behavior has been rationalized using QALE parameters. 
Additionally during the catalytic polymerization activity (0 to 400 g mmol-1 h-1), PE 
number of chains synthesized per nickel and PE melting point can also be modified by 
addition of ligand. Again using simple argumentation this behavior has been rationalized.  
Consequently phosphorous ligands could be used to tune the system: for example the 
radical polymerization or the catalytic polymerization can be improved in the same 
experimental conditions using a specific phosphorous ligand (for example in the presence of 
PtBu3 radical reactivity is high and catalytic reactivity is low). 
We dispose now from two ways to increase the efficiency of the system: addition of 
phosphorous ligand or addition of radicals/AIBN. However, a single phosphorous ligand can 
not increase both catalytic and radical reactivities of NiNO. Moreover the phosphine effect 
remains extremely complex. Consequently in the next chapter we will use the most efficient 
and simple way of improvement of the system based on NiNO catalyst and an additional 
source of AIBN in order to perform hybrid copolymerization of ethylene with polar vinyl 
monomer. 
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Up to now we have studied ethylene radical homopolymerization and 
copolymerization. Copolymerization under ethylene pressure as high as 250 bar does not give 
access to the complete range of copolymer composition. For example with comonomer such 
as MMA or BuA, ethylene insertions over 60% are extremely difficult to reach by a pure 
radical copolymerization. Moreover, almost no succession of ethylene units is present in the 
polymer chain. 
In order to achieve more efficiently the copolymerization of ethylene with some 
polar vinyl monomer we develop a hybrid polymerization by combining radical and catalytic 
polymerization (see Figure 1). 
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Figure 1. Hybrid radical/catalytic mechanism of polymerization 
These type of mechanism can be considered to have some formal similarities with 
the chain shuttling catalytic polymerization recently developed [1]. In this kind of 
polymerization, two different polymerization catalysts are present and the growing chain 
“shuttles” (usually implicating a chain shuttling agent (CSA)) between these two catalysts. 
Multiblocks of linear PE and branched PE (see Figure 2) have been synthesized using this 
technology. 
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Figure 2. Chain shuttling mechanism from Arriola et al. [1] 
In our case (hybrid radical/catalytic copolymerization), we investigate the possibility 
of chain shuttling not between two different catalysts but between an ethylene polymerization 
catalyst and a macroradical which will polymerize polar vinyl monomer. The shuttling of a 
growing polymer chain between a radical and an organometallic species is already well 
known and used to control the radical polymerization of various monomer via a reversible 
termination (e.g. CMRP). The success of the new concept of hybrid polymerization requires 
that the organometallic species is also a catalyst of olefin polymerization. 
In the previous chapter, we demonstrated that NiNO ethylene polymerization catalyst 
suffers a spontaneous homolytic cleavage of the nickel carbon bond in our experimental 
conditions. Moreover, this cleavage can be optimized by adding AIBN to the system. A real 
synergy between the catalytic and radical polymerization takes place since the radical and 
catalytic polymerizations are more efficient in the presence of AIBN. These indicate that 
exchange between the radical and the organometallic species via SR1 and SR2 takes place.  
Consequently, this nickel complex is an interesting candidate for the hybrid 
copolymerization by a radical/catalytic mechanism. Indeed the non polar ethylene block will 
be synthesized by a coordination-insertion mechanism and the polar block by a radical 
polymerization. As SR mechanisms have been demonstrated using a radical initiator such as 
AIBN, we can expect that multiblocks will be synthesized. Figure 3 highlights the mechanism 
of chain shuttling between radical and catalytic polymerization.  
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Figure 3. Copolymerization by chain shuttling between catalytic and radical 
polymerization 
This mechanism needs a synergy between the two types of polymerization and a 
balance between both mechanisms in order that they take place at the same time. 
In this chapter we report copolymerization of ethylene with various polar monomers 
using the same experimental conditions for NiNO or AIBN alone and the combination of both 
initiators. The superiority of the last method will be then demonstrated. Then the influence of 
other parameters such as ethylene pressure, monomer initial concentration and AIBN/NiNO 
ratio will be discussed. The multiblock architecture of ethylene/MMA copolymer will be 
demonstrated. Finally, the possibility to use CRP method for the radical part of the hybrid 
mechanism will be reported in order to access a better control of the chain microstructure and 
comonomer insertion. 
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A. Versatility in copolymerization available using 
hybrid copolymerization 
In the previous chapter we demonstrated that NiNO ethylene polymerization catalyst 
can release a radical which can initiate the radical polymerization of polar vinyl monomer. 
This homolytic cleavage can be optimized using a phosphorous ligand or AIBN. However, 
only in the presence of AIBN, the efficient addition of radical on the NiNO and therefore the 
chain exchange takes place. 
Copolymerization is first performed using 50 mg of NiNO and/or ½ molar equivalent 
of AIBN (potentially 1 radical per nickel) in 250 mL of toluene with 25 g of polar vinyl 
monomer under 20 bar of ethylene pressure at 70°C overnight. Keep in mind that these AIBN 
concentrations are much lower than these used in the radical polymerization in the second 
chapter (4mg in this case compared to 50 mg used usually in chapter II). 
A wide range of comonomer is used in order to link the activity and comonomer 
insertion to the chemical structure of comonomer. Three successive series of experiments are 
performed using NiNO alone, AIBN alone and both NiNO and AIBN in order to compare the 
different systems of polymerization. 
1. Copolymerization with NiNO alone 
Polymerization using only the ethylene polymerization catalyst NiNO is performed 
with a wide range of monomer: acrylates, methacrylates, styrenics, etc. Results are 
summarized in the following table. 
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Table 1. Copolymerization of ethylene with several comonomers using NiNO alonea 
Comonomer Yield (g) 
Comonomer molar insertion 
(%)b 
MMA  
O
O
 
2.8 4.3 
BuMA  
O
O
 
5.5 3.3 
tBuMA  
O
O
 
6.3 4.5 
MA  
O
O
 
0.02 nd 
BuA  
O
O
 
0.05 95 
tBuA  O
O
 
0.1 97 
Sty  
 
0.1 100 
MSty  
 
6.6 0.1 
AN  CN
 
0.2 nd 
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Comonomer Yield (g) 
Comonomer molar insertion 
(%)b 
MAN  
CN
 
0.1 nd 
VAc  O
O
 
0.2 1.3 
PAc  O
O
 
6.1 0.6 
VPiv  O
O
 
0.2 0.9 
a: Polymerizations are performed during 12 hours with 50 mg of NiNO at 70°C in 250 mL of 
toluene with 25 g of comonomer under 20 bar of ethylene pressure. b: determined by 
1H NMR.  
Only the copolymerization with methacrylate monomers yields significant amount of 
polar copolymer. Copolymerizations with MSty, and PAc provide also high yield but the 
polymer produced is mostly composed of ethylene. With these two comonomers, the ethylene 
polymerization seems to be nearly unaffected by the presence of comonomer. 
a) Methacrylates copolymerization with ethylene 
Methacrylates copolymerizations with ethylene are more efficient using bulky 
comonomer (MMA<BuMA<tBuMA, see Table 1). However, comonomer insertions remain 
almost constant in the range of 4%. Therefore conversion in both ethylene and comonomer 
increase with the bulkiness of the comonomer.  
For the ethylene part, the more bulky the comonomer is, the less the comonomer can 
be coordinated and consequently ethylene coordination is favored.  
For the methacrylate part, since monomer propagation rate slightly decreases with 
bulkiness, the increase of conversion is due to the better initiation of radical polymerization. 
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We can assume that the cleavage of the metal carbon bond takes place after the first 
methacrylate insertion. Therefore the bulkiness of the comonomer should weaken the metal 
carbon bond and moreover the readdition of the released radical is disfavored (see Figure 4). 
Ni PE
COOR
PE
Ni
O
R
O
PE
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Ni
 
Figure 4. Possible mechanism of cleavage for methacrylate copolymerization with 
ethylene 
It should be noted that the polar monomer insertion cannot be performed only by 
coordination/insertion since 13C NMR spectrum of ethylene/MMA copolymer shows standard 
signals for PE and PMMA, no isolated MMA seems to be present in the polymer chain. 
Therefore, shuttling between a catalytic and radical polymerization should take place. 
All these copolymers exhibit a melting point around 100°C. These indicate that long 
sequences of ethylene able to crystallize are built. Moreover, the molecular weight 
distributions are monomodal and remain narrow (PDI≈2). No copolymer fraction becomes 
soluble in THF. These indicate that no polymethacrylates or copolymer rich in methacrylates 
are synthesized. 
b) Acrylates copolymerization with ethylene 
In presence of acrylates almost no polymer is synthesized (see Table 1). However, as 
for methacrylates, the yield slightly increases with the bulkiness of the comonomer. This 
confirms the fact that the inhibition of the ethylene polymerization decreases with increasing 
bulkiness of the comonomer. 
The presence of the methyl group on the vinyl seems to have a critical importance 
during the copolymerization: with MA, the copolymerization is almost totally inhibited and 
with MMA, 2.8 g of copolymer are produced. Moreover the copolymer produced in presence 
of MA is extremely rich in acrylates and almost no ethylenes units are present in the chain 
contrary to copolymers synthesized in presence of MMA.  
These results are in contradiction with what is usually observed during a catalytic 
copolymerization. Indeed the copolymerizations reported in this case with acrylates are 
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generally more efficient than with methacrylates, due to the possibility or not of transfer and 
chain walking after the insertion of the polar vinyl monomer (see chapter I). 
Moreover, acrylates are more reactive than methacrylate toward a radical 
polymerization. Then in order to understand this deactivation, we need to assume the crucial 
role of the methyl group for the homolytic cleavage which may increase the probability of 
cleavage.  
c) Styrene and α-methylstyrene copolymerization with ethylene 
With styrenic comonomers similar behaviors are observed since with styrene only 
0.1 g of homopolystyrene are produced and with MeSty 6.6 g of almost homo-polyethylene 
(see Table 1). Once again the methyl group has a decisive influence on the copolymerization. 
Since MeSty exhibits usually an extremely slow radical polymerization the potential 
radical block cannot be synthesized by radical mechanism which explains why no MeSty 
units are inserted in the polymer chain.  
With styrene the interaction with NiNO is so strong that no ethylene polymerization 
takes place under our conditions. This could be linked to the efficiency factor determined 
during the radical polymerization of styrene and MMA by NiNO. Indeed an efficiency factor 
of 4% only for MMA indicates a limited interaction of MMA with NiNO. Therefore the 
possibility of coordinating and inserting ethylene is observed. The efficiency factor obtained 
during styrene homopolymerization is higher (25%), which indicates a stronger interaction of 
the monomer with NiNO. This could explain the impossibility of polymerizing ethylene in 
presence of styrene. 
d) Other polar vinyl monomers 
Other polar vinyl monomers are investigated; acrylonitrile, vinyl acetate and their 
derivates (see Table 1). With methacrylonitrile and acrylonitrile, copolymerizations are 
extremely inefficient as for vinyl acetate and VPiv.  
However polymerization in the presence of PAc provides high yield of polyethylene 
with low insertion of PAc. For the acetates family monomers, insertions of the polar unit 
remain in all cases extremely low indicating a strong inhibition of the system. 
Acrylates and acetates seem to exhibit similar behavior as they provide almost no 
polymer. However with acrylates, the polymers synthesized are closer to homo-polyacrylates 
and with acetates to homo-polyethylene. Consequently, the inhibition mechanism of the 
copolymerization should to be different.  
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For acetate comonomers, classical β-OAc elimination can be responsible of the 
deactivation of the system and lead to low acetate insertion in the polymer chain since no 
homolytic cleavage takes place. For acrylates, behavior is more complex and a strong 
interaction with the NiNO in order to inhibit the coordination of ethylene seems to take place.  
In conclusion, the copolymerization with NiNO alone provides as expected 
copolymers with various monomers content in low yield. However this polymerization is 
fully inefficient with several types of comonomers such as acrylates or acetates.  
The addition of organic phosphorous ligands or radical initiator would improve this 
copolymerization. However, we will only study the influence of additional AIBN to NiNO 
system because the radical exchange has been evidenced in this case only. 
2. Copolymerization from a classical radial initiator: AIBN 
We also perform the same polymerization with AIBN alone in order to separate the 
copolymer which can be formed by a radical polymerization to the copolymer synthesized by 
a hybrid catalytic/radical copolymerization. Results are summarized in the following table. 
Table 2. Copolymerization of ethylene with several comonomers using AIBN alonea 
Comonomer Yield (g) 
Comonomer molar insertion 
(%)b 
MMA  
O
O
 
13.3 >99 
BuMA  
O
O
 
14 >99 
tBuMA  
O
O
 
11.6 >99 
MA  
O
O
 
16.4 >99 
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Comonomer Yield (g) 
Comonomer molar insertion 
(%)b 
BuA  
O
O
 
13.2 >99 
tBuA  O
O
 
18 >99 
Sty  
 
2.8 >99 
MSty  
 
0.1 nd 
AN  CN
 
1.5 >99 
MAN  
CN
 
0.1 nd 
AA OH
O
 
25 >99 
MAA OH
O
 
24.7 >99 
AAm NH2
O
 
25 >99 
MAAm NH2
O
 
24.3 >99 
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Comonomer Yield (g) 
Comonomer molar insertion 
(%)b 
VAc  O
O
 
0.3 nd 
PAc  O
O
 
0.15 nd 
VPiv  O
O
 
0.6 nd 
MCr O
O
 
0.2 nd 
a: Polymerizations are performed during 12 hours with 4 mg of AIBN at 70°C in 250 mL of 
toluene with 25 g of comonomer under 20 bar of ethylene pressure. b: determined by 
1H NMR.  
As expected at this low ethylene pressure with such low AIBN concentrations, only 
homopolymers of polar vinyl monomers are synthesized. The expected reactivity is obtained 
as acrylates lead to higher conversion than methacrylates, styrenic and acetates.  
Methacrylic and acrylic acid as well as the corresponding amides lead to almost 
100% of conversion in our experimental conditions. 
MeSty, acetates and crotonate (MCr) only lead to conversion below 3%. With these 
comonomers the radical polymerization can be assumed as negligible. 
Finally, whatever the polar vinyl monomer used no important insertion of ethylene 
has been observed. 
Chapter VI 
 VI-338 
In the previous series of experiments using NiNO catalyst alone, copolymers 
synthesized with acrylates contained some ethylene in the polymer chain (5% for BuA). 
Almost no ethylene is inserted in the polymer chain using AIBN alone. Consequently, the 
ethylene incorporation implies the nickel metal and not a pure radical mechanism. 
3. Copolymerization with the hybrid mechanism 
Finally, copolymerizations with NiNO and AIBN are performed in similar 
experimental conditions. Results are summarized in the following table. 
Table 3. Copolymerization of ethylene with several comonomers using NiNO and AIBNa 
Comonomer Yield (g) 
Comonomer molar insertion 
(%)b 
MMA  
O
O
 
12.0 60 
BuMA  
O
O
 
12.7 54 
tBuMA  
O
O
 
17.3 35 
MA  
O
O
 
12.0 88 
BuA  
O
O
 
16.0 75 
tBuA  O
O
 
15.5 51 
Sty  
 
3.3 82 
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Comonomer Yield (g) 
Comonomer molar insertion 
(%)b 
MSty  
 
8.3 0.5 
AN  CN
 
3.1 27 
MAN  
CN
 
0.1 33 
AA OH
O
 
32 35 
MAA OH
O
 
25 60 
AAm NH2
O
 
25 64 
MAAm NH2
O
 
24 15 
VAc  O
O
 
0.3 28 
PAc  O
O
 
3.6 3 
VPiv  O
O
 
0.5 14.6 
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Comonomer Yield (g) 
Comonomer molar insertion 
(%)b 
MCr O
O
 
0.1 31.5 
a: Polymerizations are performed during 12 hours with 50 mg of NiNO and ½ molar 
equivalent of AIBN at 70°C in 250 mL of toluene with 25 g of comonomer under 20 bar of 
ethylene pressure. b: determined by 1H NMR.  
This system leads to totally different results than the two previous ones. Indeed 
copolymers are synthesized with high efficiencies with almost all the polar vinyl comonomers 
investigated using the same experimental conditions. 
a) Methacrylates copolymerization with ethylene 
Copolymerization with methacrylate monomers is strongly dependent on the 
bulkiness of the monomer (see Table 3). Yield increases with this bulkiness and insertion of 
the monomer decreases. Contrary to NiNO alone where only 4% of methacrylates insertion is 
reached and AIBN in which homo-polymethacryates are synthesized, with this system the 
comonomer content is in the range from 35% to 60% depending on the comonomer. These 
copolymers exhibit a melting point between 105°C (in the presence of tBuMA) and 98°C (in 
the presence of MMA) which indicates that long sequences of ethylene are present in the 
polymer chain. Moreover, monomodal molecular weight distributions are obtained by HT-
SEC with a low PDI (≈2). These indicate that probably only one type of copolymer should be 
synthesized and therefore no polyethylene or polymethacrylates are produced during the 
polymerization. 
Finally the relative activity is in agreement with an interaction between the 
comonomer and the catalyst. The more bulky the monomer is, the less it will interact with 
NiNO therefore the higher the ethylene catalytic activity is. 
Conversion of methacrylates is almost constant for all comonomers used. It indicates 
that the initiation of polar block is not controlled anymore by the bulkiness of the monomer as 
described with NiNO alone (see Figure 4).  
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The homolytic cleavage of the nickel carbon bond may be induced by a radical 
addition on the catalyst by a SR mechanism. If the predominant mechanism was SR1 the 
bulkiness of the comonomer would control the substitution. It is not the case therefore the 
predominant mechanism seems to be a SR2 mechanism (see Figure 5). Contrary to the 
copolymerization with NiNO alone the cleavage can take place before or after the insertion of 
the first methacrylate unit. 
Ni PE PMMA+
SR2
PE PMMA+ Ni
 
Figure 5. Schematic mechanism of chain exchange between radical and catalytic 
polymerization 
b) Acrylates copolymerization with ethylene 
With acrylates, contrary to NiNO alone, copolymers are synthesized efficiently (see 
Table 3). Once again, yield increases with the bulkiness of the monomer and insertion 
decreases. Insertion of acrylates between 88% and 51% are measured. Yields are similar than 
with methacrylates but ethylene conversion is about two times lower. Consequently as 
expected acrylates appear to be better inhibitor of the ethylene polymerization than 
methacrylates.  
All these copolymers are soluble in THF indicating that no homopolyethylene is 
produced. And monomodal narrow molecular weight distributions are obtained, consequently 
no polyacrylate seems to be synthesized as well. 
The simultaneous presence of AIBN and NiNO is mandatory. In the presence of 
NiNO alone, no copolymerization takes place, it could be due to the absence insertion of 
acrylates and consequently no cleavage of metal carbon bond takes place (or the cleavage 
does not occur after the insertion of acrylate).  
In presence of AIBN and NiNO, the cleavage is induced by the addition of a radical 
fragment on the nickel. Consequently the insertion of acrylate in the polymer chain can be 
performed without the requirement of a first coordination-insertion into the metal carbon 
bond. 
c) Styrene and α-methylstyrene copolymerization with ethylene 
For styrenic monomers, copolymers are produced with both styrene and MSty (see 
Table 3). Results obtained are similar than the ones with NiNO alone.  
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Indeed MSty is not inserted in the polymer chain and does not polymerize by a pure 
radical mechanism therefore AIBN acts as spectator of an ethylene catalytic polymerization 
on nickel.  
With styrene, 3.3 g of copolymer are produced containing 82% of styrene units and 
having a melting point at 93°C indicating long sequences of ethylene. Moreover this 
copolymer is not soluble in THF therefore no homopolystyrene is synthesized.  
This result evidences that the copolymer synthesized can not be statistical as with 
only 18% of ethylene in the polymer chain, the copolymer exhibits a melting point. Indeed 
statistical copolymers synthesized by AIBN alone at higher ethylene pressure (see chapter IV) 
do not exhibit melting point. 
d) Other polar vinyl monomers copolymerization with ethylene 
In this section we report the copolymerization of ethylene with comonomers known 
to be extremely difficult to incorporate in polyethylene chains via a catalytic mechanism [2, 
3].  
(1) Acrylonitryles copolymerization with ethylene 
In the presence of acrylonitrile 3.1 g of copolymer are produced containing 27% of 
AN units. The copolymerization with MAN is almost inefficient. Since MAN is not 
polymerized by a radical pathway and totally inhibits the ethylene catalytic polymerization, it 
must be one of the most difficult copolymers to produce.  
MAN remains one of the last polar comonomer which is not inserted efficiently in 
the polymer chain by a hybrid radical/catalytic mechanism. 
(2) Acids and amides vinyl monomers copolymerization with 
ethylene 
With acrylic acid and acrylamide extremely high productivities are obtained (see 
Table 3). Ethylene is inserted in the polymer chain with contents up to 85% with MAAm. The 
high ethylene insertion and high activity indicate an extremely efficient system of 
copolymerization. Moreover to our knowledges, these copolymers are the first examples of 
direct copolymerization of ethylene with this kind of comonomer. The copolymers produced 
represent a tremendous interest.  
Indeed these copolymers containing ethylene sequences are soluble in water (basic 
aqueous solution for acid monomer AA and MAA and neutral water for AAm and MAAm) 
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which indicates that no homo-polyethylene is produced. Moreover these copolymers self-
organize in water and form nano-objects with e.g. a PE hydrophobic core and a hydrophilic 
shell. These objects seem to aggregate in solution in order to form more complex 
architectures as the average particles diameters determined by DLS just after a sonication is 
12 nm (with PI≈0.05) and 50-75 nm (with PI≈0.25) after 1 hour at ambient temperature, 
whatever the copolymer used. Then these dispersions are stable for months.  
A critical micelle concentration (cmc) was measured for AA and MAA copolymers 
with ethylene. For ethylene/AA copolymer, the cmc was measured at 0.1 g/L and 0.4 g/L for 
ethylene/MAA. 
Moreover these copolymer exhibit a melting point around 100°C indicating long 
sequences of ethylene incorporating in the polymer structure.  
This block architecture represents an additional advantage since crystallinity can be 
maintained even at high polar monomer content. 
(3) Acetates copolymerization with ethylene 
With acetates derivates monomers, the copolymerization remains inefficient but high 
insertion of acetate is evidenced by NMR (see Table 3 - for example 28% VAc are inserted in 
the copolymer chain) contrary to the copolymerization in the presence of NiNO alone.  
No fraction of polymer is soluble in THF and molecular weight distributions 
determined by HT-SEC are monomodal and narrow. Moreover these copolymers possess a 
melting point around 100°C. All these results indicate that block copolymers have been 
synthesized. 
(4) Crotonate copolymerization with ethylene 
Finally with crotonate the copolymerization is totally inefficient (see Table 3). In 
comparison, MA and MMA copolymerizations with ethylene exhibit much higher efficiencies 
while these monomers differ only by the presence or the position of the methyl group on the 
double bond. 
This monomer does not polymerize in our experimental conditions by radical 
pathway (as does MSty) but the insertion becomes quite important 31%. Consequently this 
insertion must be performed by a nickel-mediated mechanism.  
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This comonomer highlights how important the chemical nature of the vinyl polar 
monomer is for the hybrid radical/catalytic copolymerization.  
4. Conclusion 
The hybrid copolymerization via a shuttling mechanism between catalytic and 
radical polymerization is extremely efficient to produce a wide range of copolymers. 
Copolymerizations are performed using acids and amides vinyl monomers, (meth)acrylates, 
acrylonitriles, styrenics. Indeed NiNO alone only permits the copolymerization of ethylene 
with methacrylates.  
The simultaneous presence of a radical initiator, AIBN, and an ethylene 
polymerization catalyst able to suffer a homolytic cleavage of the nickel carbon bond, NiNO, 
permits the copolymerization. Even some comonomers known to be extremely difficult to 
copolymerize with ethylene (AN, AA, AAm, etc), are inserted in the polymer chain using this 
hybrid copolymerization.  
Consequently, this hybrid radical/catalytic copolymerization using NiNO and AIBN 
represents a versatile pathway in order to obtain copolymers with various polar functions and 
in a wide range of chemical compositions. 
The block microstructures of the synthesized copolymers have been demonstrated as 
almost all copolymers exhibit a melting point and a monomodal narrow MWD. With water-
soluble vinyl monomers, more evidences were obtained as water-soluble copolymers were 
produced which form micelle-like particles with extremely low critical micelle concentration. 
Finally concerning the polymerization mechanism the important role of the bulkiness 
of comonomer is highlighted. Indeed usually ethylene insertions increase with the bulkiness 
of the comonomer. With NiNO alone, we assumed that the cleavage of the metal carbon bond 
should take place after the insertion of a polar monomer (see Figure 4). With additional 
AIBN, the most efficient system, the cleavage is induced by a radical addition on the nickel 
itself via a SR2 mechanism (see Figure 5).  
In the next section we investigate further the copolymerization of ethylene with 
MMA, styrene, BuA, and VAc and especially highlight the role of the relative kinetics of 
respectively radical and catalytic polymerizations. We will confirm the multi-block nature of 
copolymer using fine 13C NMR studies and a chromatographic method that separates polymer 
according to their chemical nature. 
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B. Case of the ethylene MMA copolymerization 
Copolymerization of MMA and ethylene has proved to be one of the most efficient 
system for hybrid copolymerization. The effect of the initial concentration of ethylene and 
MMA is reported in this section. Moreover, characterization of these copolymers by NMR 
and liquid chromatography in critical condition of PMMA (LC-CC) are reported in order to 
confirm the microstructures of copolymers. 
1. Influence of the ethylene pressure 
Two series of experiments are performed at 70°C in 40 mL of toluene and 10 mL of 
MMA with 20 mg of NiNO during 4 hours and with or without ½ molar equivalent of AIBN 
under different ethylene pressures. Results are summarized in the following figure. 
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Figure 6. Effect of ethylene pressure on the yield and MMA molar insertiona during the 
copolymerization of ethylene with MMA. 20 mg of NiNO in 40 mL of toluene with 
10 mL of MMA at 70°C during 4 hours with  or without  AIBN. a: determined by 
1H NMR 
As expected, at low pressure yields are higher in the presence of AIBN and so do 
MMA incorporations. Over 100 bar of ethylene pressure the system leads to almost constant 
yield and MMA insertion. Insertions of MMA roughly decrease with the ethylene pressure 
from 90 % to 1%. 
In the presence of AIBN a slight increase of MMA insertion is observed between 
100 bar and 200 bar of ethylene pressure. This increase indicates that a change occurs in the 
mechanism of the copolymerization. Indeed no reactivity ratio can be calculated for this kind 
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of copolymerization (ethylene insertion does not steadily increase with the increase of 
ethylene pressure). 
Except for the copolymers synthesized at 1 bar of ethylene pressure, all other 
products exhibit a melting point around 100-105°C. Moreover, in the presence of AIBN, the 
melting point is always lower even at low and similar MMA insertion. For example, 
copolymers synthesized under 100 bar of ethylene pressure contain only 1% of MMA for both 
systems (NiNO alone and NiNO in presence of AIBN), however, without AIBN the melting 
point is 105.6°C and with AIBN 102.8°C.  
This may indicate a better homogeneity of MMA incorporation in the polymer chain 
which disturbs the crystallization of PE sequences in the case of polymerization in the 
presence of AIBN. 
Molecular weights of the copolymer are also determined using HT-SEC (see Table 
7). In all cases, monomodal narrow molecular weight distributions are observed (PDI≈2) 
which may indicate that only one type of copolymer is synthesized. Mn is always lower in 
presence of AIBN than without. Molecular weights first decrease for copolymers obtained at 
ethylene pressure until 100 bar then slightly increase to 150 bar until reaching a plateau. 
2. Fine and original copolymer characterization by LC-CC at 
high-temperature 
Copolymers produced in the presence of NiNO and AIBN at different ethylene 
pressures are also analyzed using specific chromatographic technique in order to elute the 
copolymer in function of their chemical compositions. This work needs a long and difficult 
optimization of the elution design and has been done at the DKI (see chapter IV). The 
chromatograms obtained clearly confirm that no homopolymer (PE and/or PMMA) is 
synthesized during the hybrid radical/catalytic copolymerization (see Figure 7). 
Hybrid mechanism for the copolymerization of ethylene with polar vinyl monomer 
 VI-347 
1.0 1.5 2.0 2.5 3.0 3.5 23 24 25 26 27 28 29 30
0
1
2
P(
E/
M
M
A)
 
64
%
P(
E/
M
M
A)
 
58
%
P(
E/
M
M
A)
 
1% P(
E/
M
M
A)
 
6%
P(
E/
M
M
A)
 
64
%
P(
E/
M
M
A)
 
58
%
So
lv
e
n
t B
 
(vo
l %
)
EL
SD
 
Si
gn
al
Elution volume (mL)
PE
PM
M
A
0
20
40
60
80
100
 
Figure 7. Overlay of chromatograms of P(E/MMA) samples. Stationary phase: Perfectsil 
300. Mobile phase: TCB and gradient TCB → TCB/cyclohexanone (20/80 v/v). 
Temperature: 140°C. Gradient of solvent is indicated by a dotted line 
For copolymers synthesized at ethylene pressure below 50 bar two different peaks 
are observed. These may indicate that two different copolymers are synthesized: a PE-rich 
and a PMMA-rich. Copolymers obtained between 100 bar and 250 bar exhibit only one peak. 
These peaks of elution seem to be in agreement with the previous correlation between elution 
volume and MMA molar content (see Figure 8) previously ob using copolymers of 
ethylene/MMA synthesized by a pure radical polymerization. 
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Figure 8. Correlation between elution time and MMA insertion determined by 1H NMR. 
 Ethylene MMA copolymers synthesized by radical copolymerization,  Ethylene 
MMA copolymers synthesized by hybrid copolymerization (∆ are estimated MMA 
insertions using the relation of elution volume with molar % of MMA) 
Chapter VI 
 VI-348 
Then, using this relation, the real insertion of the two families of copolymer can be 
estimated for copolymers synthesized at 25 and 50 bar. At 25 bar, two different copolymers 
are formed one containing 93% of MMA and the other 5% of MMA (for the copolymer 
produced at 50 bar 3% and 85%).  
It should be noted that the relative concentration of these copolymers cannot be 
easily determined using the chromatograms because the intensity of the signal depends of the 
copolymer composition (MMA unit exhibits a higher response that ethylene units). However, 
for the copolymers synthesized under 50 bar of ethylene pressure chromatogram integral 
induce that the average composition of MMA determined by this method cannot be in 
agreement with the average composition determined by NMR. 
This may be because we assumed that the correlation between elution time and 
MMA insertion determined by NMR is equivalent to the one for radical synthesized 
copolymer. However the microstructures of the copolymer are different (statistical for pure 
radical copolymerization and multiblock for hybrid radical/catalytic mechanism), therefore 
the correlation should be different. In fact, theoretically the dependence of elution time will be 
for multiblock copolymers mostly dependent of the average bloc length of MMA units. 
Consequently only IR or NMR post analyses of separate fractions of copolymers could give 
an estimation of their compositions.  
Moreover, two different copolymers with the same MMA amount but different block 
lengths should not exhibit the same elution volume. Only the fine 13C NMR study of the 
separate copolymer can confirm the polymer microstructure. 
3. Influence of the MMA concentration 
Other series of experiments are performed using similar conditions at several MMA 
initial concentrations from 10% vol. to 100%. Copolymerizations are done at 70°C during 
1 hour with 20 mg of NiNO under 100 bar of ethylene pressure with or without ½ molar 
equivalent of AIBN (see Figure 9). 
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Figure 9. Influence of MMA concentration on the copolymerization yield and MMA 
molar insertion.a 20 mg of NiNO in 50 mL of toluene MMA mixture at 70°C under 
100 bar of ethylene pressure during 1 hour with  or without  AIBN. a: determined by 
1H NMR 
As expected yield decreases with increasing MMA concentration with or without 
AIBN which confirms that MMA slows down the copolymerization. Insertions of MMA 
increase from 1% to 6% without AIBN and up to 20% in the presence of AIBN. Average 
molecular weights also decrease in both sets of experiment from 40000 to 18000 g/mol with 
AIBN and 26000 to 9000 g/mol without. As for the previous set of experiments, molecular 
weights are lower without AIBN than with AIBN. Moreover, polydispersity index remains 
between 2 and 3 and monomodal molecular weight distributions are obtained. 
All these results indicate that only one family of copolymers is synthesized allowing 
the determination of conventional reactivity ratios. In the presence of NiNO and AIBN, using 
Kelen-Tüdos method rMMA=0.98 and rE=29.8 is obtained, with NiNO alone rMMA=4.17 and 
rE=228. Consequently the AIBN addition favors the MMA insertion inside the polymer chain.  
4. Effect of the catalyst and AIBN concentration 
The concentrations of the catalyst and AIBN have also a crucial effect on the 
copolymerizations. We perform different experiments with excesses of AIBN or NiNO and at 
two different concentrations. Experiments are performed at 70°C during 2 hours in 40 mL of 
toluene and 10 mL of MMA under 25 bar of ethylene pressure (see Table 4). 
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Table 4. Influence of NiNO and AIBN concentration on the copolymerization at low 
ethylene pressure.a 
NiNO (mg) AIBN (molar eq) Yield (g) Molar insertion of 
MMA (%)b 
20 ½ 1.3 60 
50 ½ 3 58 
20 2 1.6 81 
50 1/8 4 8 
a: Polymerizations are performed during 2 hours at 70°C in 40 mL of toluene with 10 mL of 
MMA under 25 bar of ethylene pressure. b: determined by 1H NMR.  
Results show that the global concentration has only an effect on the activity of the 
polymerization but insertions of MMA remain equivalent. If an excess of AIBN is used the 
incorporation of MMA increases. With an excess of NiNO only 8 % of MMA are inserted 
compared to 58 %.  
It should be noted that without AIBN a copolymer containing 17% of MMA is 
synthesized. This evidenced that AIBN interacts with NiNO even at this low concentration 
with the consequence to decrease the MMA insertion.  
These results evidence how important the ratio between AIBN and catalyst is in 
order to control the copolymerization yield and comonomer insertion. Moreover with an 
excess of AIBN a bimodal distribution of molecular weight is observed. As we already 
mentioned polymerization at 25 bar lead to two different copolymers: a MMA rich and a 
MMA poor. The ratio between these two copolymers could be monitored by the ratio of 
AIBN/NiNO. At high AIBN over NiNO ratio, the rich MMA copolymer would be mostly 
synthesized. At low AIBN over NiNO ratio, the synthesis of the ethylene rich copolymer 
would be favored.  
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The same experiments are performed at 100 bar with similar results (see Table 5). 
Table 5. Influence of NiNO and AIBN concentration on the copolymerization at high 
ethylene pressure.a 
NiNO (mg) AIBN (molar eq) Yield (g) Molar insertion of 
MMA (%)b 
20 ½ 0.8 1.5 
50 ½ 3.7 1.2 
20 2 1.0 6 
50 1/8 2.1 0.4 
a: Polymerizations are performed during 2 hours at 70°C in 40 mL of toluene with 10 mL of 
MMA under 100 bar of ethylene pressure. b: determined by 1H NMR.  
Once again the global concentration at constant ratio of AIBN/NiNO does not 
change the insertion of MMA but influences only the yield of polymerization. With an excess 
of AIBN higher insertion is obtained. However, the HT-SEC show a bimodal distribution and 
a part of the material obtained can be solubilized in THF. Consequently, PMMA or MMA 
rich copolymer could have been synthesized. With excess of NiNO only 0.4% of MMA is 
inserted in the polymer chain. 
Similar results have been obtained using a 50% in volume solution of MMA. Indeed 
at 100 bar MMA insertion increases from 5% to 22% with excess of AIBN and decreases to 
2% with excess of NiNO. In this particular case no soluble fraction of polymer is extracted by 
THF. This indicates that no PMMA-rich copolymer is synthesized under these experimental 
conditions even with an excess of AIBN contrary to the polymerization performed in 20% v/v 
of MMA. 
In Consequence it appears that the AIBN/NiNO ratio has to be close to ½ in order to 
improve the exchange between the catalytic mechanism and the radical one. Indeed at low 
ratio, catalytic polymerization is too important and at higher, it is the radical one which 
predominates by far. 
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5. Influence of the temperature 
Copolymerizations are also performed at different temperatures in order to evidence 
a potential temperature effect.  
Table 6. Influence of the reaction temperature on the copolymerization of ethylene with 
MMAa 
Temperature (°C) Pressure Yield (g) Molar insertion of 
MMA (%)b 
50 25 3.3 77 
70 25 1.3 60 
90 25 0.4 52 
50 100 1.5 7 
70 100 3.7 1.2 
90 100 1.2 1.5 
a: Polymerizations are performed during 2 hours with 20 mg of NiNO and ½ molar equivalent 
of AIBN in 40 mL of toluene with 10 mL of MMA. b: determined by 1H NMR.  
We observe that the MMA insertions decrease with increasing temperature when 
polymerizations are performed under 25 bar or 100 bar of ethylene pressure. Under 25 bar of 
ethylene pressure, yield also decreases with increasing temperature which is not the case for 
copolymerization performed under 100 bar of ethylene pressure.  
Moreover the melting point of the copolymer decreases as expected with increasing 
temperature: Tm is found at 115°C when polymerization is performed at 50°C, and Tm=85°C 
if polymerization takes place at 90°C for polymer synthesized at 100 bar of ethylene pressure. 
Since MMA insertions also decrease with increasing temperature, the melting point decrease 
is ascribed to a more uniform distribution of MMA in the polymer chain (average PE block 
length decrease) or an increase of branch content. 
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6. 13C NMR microstructure analysis of these copolymers 
We have demonstrated that several experimental factors exhibit dramatic effect on 
the composition of the ethylene/MMA copolymer. Indeed MMA insertion decreases with 
increasing ethylene pressure and temperature. It increases with MMA initial content and 
AIBN concentration. Therefore all these factors can be adjusted in order to obtain the desired 
MMA insertion from 99.9% to 0.1%.  
Now, we will investigate the 13C NMR spectra of these copolymers in order to 
confirm the multi-block microstructure.  
Radical copolymerization of ethylene with MMA at several ethylene pressures give 
access to a range of copolymers which are investigated by 13C NMR. The characteristic 
signals of isolated ethylene units and successive ethylene sequences are determined this way. 
Indeed as already mentioned in chapter IV, below 100 bar of ethylene pressure only isolated 
ethylene units are present, while over 100 bar of ethylene pressure some successive ethylene 
units are present in the polymer chain. CH2 peaks at 43.8 ppm and 19 ppm are assigned to 
isolated ethylene units. For two successive ethylene units, the peaks are indentified: 41 ppm, 
24 ppm, 32.4 ppm (see Figure 10). 
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Figure 10. 13C NMR signals of ethylene units in a copolymer with MMA 
Further analyses of copolymers obtained by the hybrid radical/catalytic mechanism 
exhibit numerous new signals compared to the statistical ethylene/MMA copolymers. 
The spectrum of copolymer obtained (in green in Figure 11) is compared to the 
spectrum obtained for a homo-polyethylene synthesized using the same experimental 
conditions without MMA (spectrum in red) and a homo-PMMA (in blue) synthesized in the 
same experimental conditions without ethylene. All additional signals should be due to the 
block-end carbons. 
Finally these additional carbon signals are compared to the computed signals of CH2 
in α (42.3 ppm), β (24 ppm), γ (31.5 ppm) and δ (29.5 ppm) of a block MMA using an 
incremental method from the statistical ethylene/MMA results. 
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Figure 11. NMR spectrum of a copolymer MMA/Ethylene. In red a homo-polyethylene 
synthesized using the same experimental conditions without MMA, and in blue a homo-
PMMA synthesized using same experimental conditions without ethylene (CH3 means 
primary carbon, CH2 secondary, CH tertiary, C quaternary determined by DEPT 
spectrum). 
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Figure 11 (continued) 
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Figure 11 (continued) 
The spectra of the copolymers are extremely complex due to the tacticity of MMA 
sequences and the branched nature of ethylene sequences. 
Among these additional signals, the carbonyl carbon between 171-171.5 ppm is easy 
to assign. This signal shows a tacticity contribution as standard PMMA carbonyl signal 
therefore it can be attributed to a carbon of a carbonyl group at the end of a MMA block.  
Moreover an additional signal at 52.4 ppm is attributed to the methoxy carbon at the 
end of MMA block. Finally an additional signal of a quaternary carbon at 41.9 ppm is also 
attributed to the MMA block-end. 
The CH2 end signal of ethylene blocks are in agreement with the one predicted by the 
incremental method (α=43-44 ppm, β=21 ppm). However several CH3 and CH carbon signals 
are also present. This could indicate that the ethylene block-end seems to contain a methyl 
branch. 
It should be noted that in these copolymers synthesized by hybrid polymerization no 
isolated ethylene or MMA unit is identified. Moreover the signals of the MMA block-ends 
indicate that there is no tail-tail or head-head sequence. This is a crucial remarks since it 
means that the MMA insertion in the nickel carbon bond before the homolytic cleavage (see 
Figure 4) is a 2,1 insertion. 
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Another important remark is that the block-end MMA signals show a tacticity 
equivalent to the tacticity of a pure radical PMMA which may imply that this block is 
synthesized by a standard radical polymerization. As ethylene block cannot be synthesized 
using a radical pathway it should exist a “shuttling” between radical and catalytic 
polymerization. 
We summarized these NMR findings in the following figure. 
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Figure 12. 13C NMR signals of a MMA/Ethylene copolymer 
These results are in good agreement with the predicted peaks determined using the 
incremental technique.  
From these results, average block length can be calculated by integrating the 
respective NMR signals. For MMA, we calculate the block length using methoxy carbon 
and/or carbonyl and/or quaternary carbon (see equation 1). We obtain typical length between 
1 and 40 MMA. For ethylene block we cannot use block-end signal of CH2 because the 
microstructure in unknown (some block-ends seem to exhibit methyl branches). Therefore we 
use the MMA block-end signal to determine the average length of ethylene block (see 
equation 2). Indeed the composition of two successive blocks (one of MMA and another of 
ethylene) must be equal to the composition of the entire copolymer. 
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the average block length of respectively MMA (xMMA) and ethylene (xE), 
Iy the integral value of the signal at y ppm, and XMMA the MMA molar composition of the 
copolymer determined by 1H NMR.  
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The comparison of the average blocks lengths obtained to the molecular weight of 
the copolymer determines if diblock or multiblock copolymers are synthesized (see Table 7).  
Table 7. Blocks average length of the copolymer produced with NiNO and AIBN 
Pressure 
(bar) 
Molar 
insertion of 
MMA (%)a 
Average length of 
MMA block per block 
endb 
Average length of 
ethylene block per 
block endb 
Mn (g/mol) 
[PDI]c 
25 63.5 35 20 28400 [2.5] 
50 57.8 25 18 17900 [2.3] 
100 1.0 1 99 9200 [3.1] 
150 5.6 2 25 13300 [2.6] 
200 10.6 3 21 15000 [2.2] 
250 5.8 2 33 14000 [2.1] 
a: determined by 1H NMR, b: determined by 13C NMR, c: determined by HT-SEC  
Below 100 bar of ethylene pressure, diblock copolymers seem to be synthesized 
since the molecular weight of two blocks corresponds almost to the molecular weight of the 
copolymer. However, previous results indicate that these copolymers are not homogeneous. 
Consequently, we can assume that the two diblock copolymers correspond to one which 
started by a radical mechanism and the other by the catalytic mechanism. Since kinetic rates 
are different the compositions of these two diblock copolymers should be different if the 
termination (or transfer) rate is identical. 
Over 150 bar of ethylene pressure, we observe that molecular weights of the 
copolymers are over the molecular weight of block. Consequently, multiblock copolymers 
seem to be obtained. 
These results are the first evidence that the cleavage of the nickel carbon bond can be 
reversible. For example at 200 bar, sixteen consecutive ethylene and MMA blocks compose 
the copolymer of 15000 g/mol. Consequently, the fragmentation and addition of the metal 
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carbon bond takes place 16 times before an irreversible transfer or termination. This high 
frequency of exchanges averages the difference between a radical initiation and a catalytic 
initiation of the polymer chain. This has been confirmed by chromatographic method as only 
one family of chemical composition is identified on these copolymers (see Figure 7).  
Without AIBN, NMR results indicate that only diblock copolymers are synthesized. 
Moreover for copolymers synthesized over 150 bar no additional signal is observed which 
indicates a possible mixture of homopolymers (LC-CC analyses need to be performed in 
order to confirm the nature of copolymers). 
7. Conclusion 
In this section, the hybrid radical/catalytic copolymerization of ethylene with MMA 
has been performed using NiNO in the presence of AIBN and NiNO alone. These systems 
allow the formation of copolymers covering the whole range of composition with significant 
activity.  
Moreover, LC-CC analyses performed on these copolymers confirm that no 
homopolyethylene is present and 13C NMR provides a confirmation of the multiblock 
microstructures of these ethylene/MMA copolymers. In the presence of NiNO alone, diblock 
only seems to be synthesized.  
These kinds of copolymers are totally new and the multiblock architectures should 
represent significant interest for their physical properties (via e.g. an original nano-
structuration of these blocks). 
The ratio AIBN/NiNO has a crucial importance since with an excess of NiNO mostly 
PE is synthesized and mostly PMMA with an excess of AIBN. The composition of the 
copolymers can also be monitored by reaction parameters as ethylene pressure and initial 
amount of MMA used. 
In consequence this hybrid polymerization appears to be a promising method to 
undergo efficient copolymerization of ethylene with polar vinyl monomer. 
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C. Case of styrene, BuA and VAc 
copolymerization with ethylene 
Other comonomers are also studied more in depth in order to access a better 
understanding of the mechanism of polymerization. 
1. Ethylene copolymerization with styrene 
Styrene is one of the most interesting monomer as the polymerization in the presence 
of NiNO alone or AIBN alone produces homopolystyrene while the copolymerization in the 
same experimental conditions with NiNO and AIBN produces a copolymer of styrene and 
ethylene.  
It is noteworthy that these copolymers can be synthesized using pure catalytic 
mechanism (statistical or block ethylene/styrene copolymers) using for example CGC 
catalysts [4, 5].  
a) Effect of ethylene pressure 
We investigate the polymerization at different ethylene pressures with styrene 
instead of MMA with NiNO alone or with AIBN. Reactions are performed at 70°C in 40 mL 
of toluene with 10 mL of styrene during 4 hours, 20 mg of NiNO and with or without ½ molar 
equivalent of AIBN. Results are summarized in Figure 13. 
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Figure 13. Effect of ethylene pressure on yield and styrene molar insertiona during the 
copolymerization of ethylene with styrene. 20 mg of NiNO in 40 mL of toluene with 
10 mL of styrene at 70°C during 4 hours with  or without  AIBN. a: determined by 
1H NMR 
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As for MMA, copolymerization yields are higher when polymerization is performed 
with NiNO in the presence of AIBN whatever the ethylene pressure. In the presence of AIBN 
yield first decreases with increasing ethylene pressure and then increases over 100 bar. Using 
NiNO alone, yield remains almost constant whatever the ethylene pressure. Moreover 
insertion of styrene varies from 95% to 5%. In the presence of AIBN and NiNO insertion of 
ethylene drastically decreases with the ethylene pressure until 100 bar of ethylene pressure 
then slightly increases. Using NiNO alone the ethylene insertion remains low with a 
maximum at 20% for copolymer synthesized under 250 bar of ethylene pressure. For 
copolymer synthesized without AIBN no melting points is observed for copolymers. With 
AIBN, copolymers exhibit a melting point at 95-110°C which increases with the ethylene 
pressure. 
b) Effect of catalyst concentration 
We also investigate the effect of concentration of the catalyst and radical initiator on 
the copolymerization. Two different initial concentrations of styrene are investigated 
Table 8. Influence of NiNO and AIBN concentration on the ethylene/styrene 
copolymerization at low ethylene pressure.a 
NiNO (mg) AIBN  (molar eq) 
Initial vol. % 
of styrene Yield (g) Molar insertion 
of styrene (%)b 
20 ½ 20 0.2 66 
50 ½ 20 0.5 64 
20 2 20 0.4 86 
50 1/8 20 0.2 95 
20 ½ 50 0.5 97 
50 ½ 50 1.2 95 
20 2 50 0.6 98 
50 1/8 50 0.4 100 
a: Polymerizations are performed during 2 hours at 70°C in 50 mL of toluene styrene mixture 
under 25 bar of ethylene pressure. b: determined by 1H NMR.  
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As for MMA copolymerization with ethylene, the global concentration of the catalyst 
and AIBN (without changing the ratio AIBN/NiNO) does not affect the monomer insertion 
but only the yield of the polymerization.  
The most interesting behavior is observed when an excess of NiNO or AIBN is used. 
In both cases the copolymer produced is close to homopolystyrene. For example at 20% v/v 
of styrene the insertion is 66% in the presence of ½ molar equivalent of AIBN, 86% using 
2 equivalents and 95% using 1/8 equivalent. Therefore an ideal ratio AIBN/NiNO exists in 
order to insert efficiently ethylene in the polymer chain. 
Very similar results are obtained if the copolymerization is performed under 100 bar 
of ethylene pressure (see Table 9). 
Table 9. Influence of NiNO and AIBN concentration on the ethylene/styrene 
copolymerization at high ethylene pressure.a 
NiNO (mg) AIBN (molar eq) Yield (g) Molar insertion of 
styrene (%)b 
20 ½ 0.2 6 
50 ½ 0.6 7 
20 2 0.3 86 
50 1/8 0.2 80 
a: Polymerizations are performed during 2 hours at 70°C in 40 mL of toluene with 10 mL of 
styrene under 100 bar of ethylene pressure. b: determined by 1H NMR.  
However at this ethylene pressure, the effect is even more dramatic: from 6% of 
inserted styrene in the presence of ½ molar equivalent of AIBN to more than 80% if an excess 
or default of AIBN is used. 
These sets of experiments highlight the importance to adapt the ratio AIBN/NiNO in 
order to induce an efficient copolymerization. To obtain the highest ethylene insertion 
½ molar equivalents of AIBN is required. This optimum appears to be a compromise between 
a polymerization mostly controlled by catalysis at low AIBN/NiNO ratio and another one 
controlled by AIBN at high AIBN/NiNO ratio.  
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2. Ethylene copolymerization with BuA 
Ethylene/BuA copolymerizations are performed in experimental conditions similar to 
ethylene MMA and styrene copolymerizations. Copolymerizations with BuA highlight the 
importance of AIBN. Without AIBN whatever the ethylene pressure, no activity is obtained 
(see Figure 14). 
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Figure 14. Effect of ethylene pressure on yield and BuA molar insertiona during the 
copolymerization of ethylene with BuA. 20 mg of NiNO in 40 mL of toluene with 10 mL 
of BuA at 70°C during 4 hours with  or without  AIBN.  
a: determined by 1H NMR 
In the presence of AIBN and NiNO, the yield first decreases then reaches a plateau 
over 100 bar of ethylene pressure. Same behavior is obtained for BuA insertion. Consequently 
copolymers with BuA insertions from 90% to 10% are synthesized by increasing the ethylene 
pressure only. 
Once again over 100 bar of ethylene pressure, insertion of BuA seems to be almost 
constant around 10%. This value is higher than for MMA (5%) and styrene (7%). This polar 
monomer insertion seems not to be controlled by a radical mechanism otherwise the insertion 
at this “equilibrium” should be lower with styrene than MMA which is not the case. Indeed 
the insertion is controlled by the exchange kinetic between radical and catalytic mechanism. 
This exchange is more favored with BuA than with styrene and MMA. However, the exact 
nature of the exchange mechanism remains to be determined. 
Chapter VI 
 VI-364 
3. Copolymerization of vinyl acetate with ethylene 
Copolymerizations with VAc are also performed under ethylene pressure up to 
250 bar of ethylene pressure using similar experimental conditions. However, whatever the 
ethylene pressure, yield remains extremely low with or without additional AIBN.  
This copolymerization remains almost inefficient. As the ethylene catalytic 
polymerization can be performed in pure ethyl acetate [6], and the copolymerization take 
place with MMA or BuA, it indicates that in this case the β-OAc elimination could play a 
crucial role. Indeed, this elimination would totally inhibit the ethylene catalytic 
polymerization. 
4. Conclusion 
a) Proposed mechanism for the hybrid copolymerization 
From the previous results, we can assume that the NiNO catalyst can also insert a 
polar vinyl unit in the polymer chain by coordination-insertion. Then in the case of VAc, 
β-OAc elimination takes place and terminates the polymer chain.  
However, with other monomers the catalytic center is dormant after this insertion. 
Moreover, with MMA no chain-walking could take place because no hydrogen is present in β 
after a 2,1 MMA insertion (it should be noted that the 13C NMR confirms that MMA block-
end do not contain head-head and tail-tail sequences, therefore no 1,2 insertion of MMA 
seems to take place). This species could be referred as a dormant species until a radical 
substitution take place. Then another ethylene block can grow (see Figure 15).  
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Figure 15. Proposed mechanism of exchange 
This mechanism is in agreement with the initial MMA concentration dependence of 
the multiblock copolymer composition. If the radical which reacts with the catalyst is a MMA 
radical (for example) the catalyst remain dormant while with an ethyl radical the catalyst is 
not dormant anymore and the ethylene polymerization can take place (see Figure 15).   
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Consequently the efficient Sr2 takes place after the insertion by coordination-
insertion of a polar vinyl unit in the catalytic-made block (Ni-PE) and the insertion of an 
ethylene unit in the radical made block (see Figure 15).  
Since ethylene insertion in a radical chain is easier with BuA than MMA (reactivity 
ratios determined in chapter IV give under similar experimental condition rBuA=5.6 and 
rMMA=28.1) this mechanism is also in agreement with the order in the “equilibrium” 
composition observed at high ethylene pressure. 
b) Copolymers available by hybrid radical/catalytic 
copolymerization 
This hybrid system appears to be extremely efficient to provide various 
ethylene/polar vinyl monomer copolymer in all the range of chemical composition from the 
almost pure PE to the homo-polar polymer.  
We demonstrated that the copolymer synthesized exhibits a unique chemical 
composition and possesses a specific multiblock microstructure. These copolymers can 
exhibit very interesting physical properties due to the potential nano-structuration of ethylene 
block and polar block.  
MMA, BuA have been especially studied. The composition can be controlled by the 
amount of polar vinyl monomer, the ethylene pressure or the ratio AIBN/NiNO. 
One potential improvement for this hybrid radical/catalytic copolymerization is to 
access to the copolymerization of VAc with ethylene. Indeed VAc remains one of the last 
comonomer which totally inhibits the copolymerization. However, PAc (isopropenyl acetate) 
shows some promising result. 
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D. Hybrid copolymerization using an ATRP 
system 
In order to access a better control of the introduction of additional radicals, we 
attempt a hybrid copolymerization using a controlled radical polymerization system as a 
source of radicals.  
1. Why ATRP system is a promising pathway? 
As we already mentioned, in the second chapter we performed some tryouts in order 
to control the radical polymerization of ethylene. The most promising systems were the 
CMRP and RAFT polymerization. 
However, here we choose to investigate the hybrid catalytic/controlled radical 
polymerization using an ATRP system for the following reason. The CuBr and the PMDETA 
(pentamethyldiethyltriamine) ligand activate the ethylene polymerization by NiNO catalyst 
contrary to a RAFT agent or nitroxide which inhibit totally the ethylene polymerization (see 
Table 10). 
As comparison Ni(COD)2 a classical phosphine scavenger, know to activate ethylene 
polymerization, has been also added to the catalyst (see Table 10). 
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Table 10. Activation of ethylene catalytic polymerization by ATRP controlled agenta 
Additional compounds (molar 
equivalent vs. NiNO) 
Activity 
(g/mmol/h) 
Mn (g/mol)b 
[PDI]b 
Melting 
Temperature (°C)c 
- 94.7 7150 [2.2] 117.9 
Ni(COD)2 (1.5 eq) 406 12150 [2.2] 118.3 
CuBr (1.5 eq)
 
352 9750 [2.2] 118.2 
PMDETA (1.5 eq)
 
397 13200 [1.9] 112.2 
CuBr (1.5 eq)  + PMDETA (1.5 eq) 232 11500 [3.2] 115.7 
CuBr2 (1.5 eq) 302 9900 [2.3] 117.8 
CuBr2 (1.5 eq) + PMDETA (1.5 eq) 217 10500 [3.0] 114.3 
a: Polymerizations are performed during 1 hour with 20 mg NiNO at 50°C in 250 mL of 
toluene under 20 bar of ethylene pressure. b: determined by HT-SEC. c: determined by DSC.  
The mechanism of activation should be equivalent between Ni(COD)2 (nickel 
biscyclooctadiene), a phosphine scavenger which release the coordination site on which 
ethylene will coordinate, and CuBr (see Figure 16).  
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Figure 16. Phosphine scavenger mechanism of CuBr on NiNO 
For PMDETA, the mechanism of activation should be similar to the one developed 
in the previous chapter for additional ligand.  
When both compounds (CuBr and PMDETA) are added to the catalytic system the 
polymerization is still activated but less than with only one compound. Moreover the 
molecular weight distribution is broader. These results may indicate that the mechanism of 
activation of CuBr and PMDETA are different and can not take place at the same time (this is 
expected since one is a Lewis acid and the other a Lewis base).  
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CuBr2 act also as an activator of the ethylene polymerization therefore reverse ATRP 
can also be used to control radical polymerization during the hybrid copolymerization. 
2. Introduction of radicals from ATRP equilibrium 
Polymerizations are performed at 70°C, overnight, in 250 mL of a toluene/MMA 
mixture at 5% v/v in MMA over different ethylene pressure, with 100 mg of NiNO, 1.5 molar 
equivalents vs. NiNO of PMDETA and CuBr, and 10 molar equivalent vs. CuBr of ethyl 
2-bromo-2-methylpropanate (standard initiator of MMA by ATRP, we will call it in the 
following MMABr). Results are summarized in the following table. 
Table 11. Influence of pressure on the hybrid copolymerization coupled with ATRPa 
Ethylene 
pressure (bar) 
Soluble in 
THF 
Yield (g) Molar insertion 
of MMA (%)b 
Average length 
of MMA block 
per block endc 
4 Yes 2.3 51 30 
No 1.7 9 nd 
10
 
Yes 5.9 48 20 
20 No 5 21 9 
a: Polymerizations are performed during 12 hours with 100 mg NiNO at 70°C in 250 mL of 
toluene/MMA mixture (19/1 v/v) with 1.5 molar equivalents of PMDETA and CuBr and 
10 molar equivalent vs. CuBr of MMABr. b: determined by 1H NMR. c: determined by 
13C NMR.  
At low ethylene pressure (4 bar) the polymers produced are totally soluble in THF 
and then as expected high MMA insertions are observed with long MMA sequences. At 
10 bar, two types of copolymer, one soluble in THF and the other insoluble, are produced. 
The soluble one exhibits lower MMA insertion and shorter MMA sequences than the 
copolymer synthesized under 4 bar of ethylene pressure. Finally, at 20 bar no fraction of the 
synthesized material is soluble in THF. 21% of MMA are incorporated in the polymer and 
short sequences of MMA are synthesized.  
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Finally MALDI-TOF analyses are performed in order to characterize the specific 
type of copolymer. Only low molecular weights polymers can be detected and analyzed. This 
analysis could evidence the coupling of a catalytic initiation (phenyl chain-end group) and 
ATRP termination (Br chain-end group). This family is actually present in MALDI-TOF 
spectrum (see Figure 17).  
 
Figure 17. MALDI-TOF spectrum of copolymer produced (zoom between 680 and 800 
g/mol). 
This spectrum shows separation between the distribution of 28 g/mol corresponding 
to an additional ethylene unit or 100 g/mol corresponding to an additional MMA unit. The 
nature of the copolymer ethylene/MMA is then confirmed. 
Signals indexed Px,y corresponds to copolymer with the microstructure 
Ph(E)x(MMA)yBr. The presence of these signals testifies that an exchange exists between the 
catalytic polymerization of ethylene and the ARTP of MMA. These signals are in good 
agreement with the theoretical one (see Table 12). 
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Table 12. Agreement between theoretical and observed signals 
Polymer Formula Na ionize mass 
Isotopic 
abundance 
Observed 
peak 
735,27 0,3333 735,3 
736,27 0,1337 736,3 
737,27 0,357 737,3 
Ph(E)2(MMA)5Br C35H53O10Br 
738,27 0,136 738,3 
 
As for the standard hybrid system (NiNO and AIBN) the ratio between NiNO and 
ATRP initiator can monitor the MMA insertion in the polymer chain. Indeed in the presence 
of 20 molar equivalents of ATRP agents (CuBr, PMEDTA with 10 eq. of MMABr), insertion 
of MMA in the produced copolymer (2g) increases to 45% and average length of MMA per 
block-end decreases to 7. This copolymer is not soluble in THF. This decrease of MMA block 
length indicates that the frequency of exchange between radical and catalytic polymerization 
is increased. This can be due to a higher radical concentration at the equilibrium. 
In conclusion this ATRP system seems to be compatible with the NiNO catalyst and 
the copolymerization can then be performed using an elegant method to introduce radicals to 
our systems. Moreover, we demonstrate that a shuttling exists between ATRP and catalytic 
polymerization. 
This is a promising method of copolymerization and further investigations need to be 
done in order to access a living hybrid copolymerization. 
3. Case of reverse ATRP 
We also investigate the copolymerization using CuBr2 or NiBr2 in order to create a 
reverse ATRP equilibrium. This system is the easiest to perform since the radical created by 
the homolytic cleavage of the nickel-carbon bond will be involved in the ATRP equilibrium. 
This copolymerization is performed at 70°C, overnight, in 250 mL of a 
toluene/MMA mixture at 5% v/v in MMA over 20 bar of ethylene, with 100 mg of NiNO 
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using two different ATRP agents, CuBr2 or NiBr2, at 1.5 molar equivalents vs. NiNO and 
1.5 equivalent of PMDETA. Results are summarized in the following table. 
Table 13. Ethylene/MMA copolymerization with NiNO using reverse ATRPa 
ATRP 
system 
Soluble in 
THF 
Yield (g) Molar insertion 
of MMA (%)b Mn (g/mol)
c 
- No 2.8 4.3 8500 [2.3] 
No 4.5 1 6000 [1.7] 
CuBr2 
Yes 0.5 11 12000 [1.8] 
No 0.4 1 6300 [1.9] 
NiBr2 
Yes 1.3 40 14000 [1.8] 
a: Polymerizations are performed during 12 hours using 50 mg NiNO at 70°C in 250 mL of 
toluene/MMA mixture (19/1 v/v) under 20 bar of ethylene pressure with 1.5 molar 
equivalents of PMDETA and CuBr2 or NiBr2. b: determined by 1H NMR. c: determined by 
HT-SEC.  
Contrary to NiNO complex alone, both copolymerizations using reverse ATRP lead 
to two distinct copolymers one soluble in THF and the other non-soluble.  
As expected the two different systems do not lead to the same yield and MMA 
insertion. Copolymerization with CuBr2 is more efficient and the synthesis of low MMA 
content polymer is favored. With NiBr2, lower yield is achieved however high MMA content 
is obtained in higher amount. 
However, with both reverse ATRP systems higher MMA incorporations are achieved 
compared to the standard system. This may indicate that without reverse ATRP agent the 
radical suffers radical termination very rapidly therefore does not incorporate MMA anymore. 
With reverse ATRP, the probability of irreversible termination or transfer decreases 
consequently more MMA can be inserted in the polymer chain and higher incorporation are 
achieved. 
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E. Conclusion 
In this chapter we demonstrated the efficiency of this new approach of 
copolymerization of ethylene with polar vinyl monomer. Many polar vinyl monomers can be 
copolymerized by this hybrid radical/catalytic mechanism with NiNO and AIBN. In particular 
unusual monomers were efficiently copolymerized with ethylene such as acrylonitrile, 
(meth)acrylic acids or (meth)acrylamides. For the two last families, polymers exhibit very 
interesting behaviors in water (water-soluble, nano-structuration)  
We investigated the importance of ethylene pressure and MMA concentration on the 
composition of the produced multiblock copolymers. Ethylene insertion increases with the 
pressure of polymerization and decreases with the MMA initial concentration. 
We also shown the importance of the ratio AIBN/NiNO concentration. For MMA 
copolymerization, large AIBN excess leads to PMMA-like copolymer and large NiNO excess 
provides PE-like copolymer.  
In consequence, by adjusting wisely all these parameters, the whole range of 
compositions can be reached from a pure polyethylene to a pure PMMA for example. 
Finally ethylene/MMA copolymer microstructures have been studied by NMR and 
multiblock architectures demonstrated. LC-CC and 13C NMR studies have been only 
performed in depth up to now with ethylene/MMA copolymer, however similar investigations 
are under process for BuA copolymers. 
During styrene copolymerization only the right AIBN/NiNO ratio will lead to high 
ethylene insertion in the polymer chain. In the case of BuA copolymerization the presence of 
AIBN is mandatory in order to obtain a copolymer. 
Investigation of the ATRP coupled to catalytic polymerization is also reported. The 
copolymerization is not controlled however the shuttling between a catalytic ethylene 
polymerization and ATRP of MMA is demonstrated by MALDI-TOF. This kind of 
copolymerization needs to be studied further in order to reach the controlled hybrid 
copolymerization of ethylene. 
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The aim of this thesis was the copolymerization of ethylene with a polar vinyl 
monomer via a hybrid radical/catalytic mechanism. For this purpose, we chose to introduce a 
source of radicals in presence of a traditional catalyst of olefin polymerization in order to 
favor an exchange of the growing polymer chain between radical and catalytic mechanisms.  
During this work the ethylene radical polymerization and copolymerization in 
organic and water dispersed media has also been investigated. 
We achieved quite unexpected results and fulfilled the initial goal of this thesis. The 
radical polymerization of ethylene is now understood in detail. Indeed now we know the 
limitation of the free radical polymerization in yield and microstructures. Moreover, the 
development of ethylene radical polymerization in water dispersed media allowed to 
synthesize high molecular weight PEs with high yields. Radical copolymerization even at 
higher pressure than the one usually used in academic studies does not give access to the full 
range of composition and microstructures of copolymers. Therefore the development of a 
hybrid radical/catalytic polymerization appeared to be mandatory. The hybrid mechanism of 
polymerization was also investigated. Only catalysts associated to a radical flux allows to 
produce copolymers with a wide range of compositions and a broad diversity of polar 
functions brought by MMA, AA or AN for example.  
 
In the fist part of this manuscript, we developed the free ethylene radical 
homopolymerization under experimental conditions usually assumed to be inefficient. Indeed 
no real investigation had been done using milder conditions than the industrial process for 
LDPE synthesis (P>2000 bar and T>200°C). We demonstrated that ethylene can be 
polymerized in a solvent at ethylene pressure as low as 5 bar and temperature as low as 10°C 
without using any specific activating compounds. Ethylene polymerization was performed in 
various experimental conditions at temperatures ranging from 10°C to 110°C and ethylene 
pressures from 5 bar to 250 bar. Polyethylene exhibited unexpected low branches content 
from 5 to 10 branches per 1000 C. Molecular weights of synthesized PE remained low 
because of chain transfer reaction to solvent but when polymerization took place in DEC 
higher molecular weights were achieved (Mn≈20000 g/mol). Finally melting points ranging 
from 122°C to 85°C were obtained. 
Conclusion and perspectives 
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Ethylene free radical polymerization can be performed either in a unique 
supercritical medium or a biphasic medium. In the latter the ethylene polymerization takes 
place mostly in the liquid phase where some ethylene is dissolved. The transition between 
these two different systems has been determined experimentally and theoretically. For this 
purpose the ethylene solubility has been determined in several solvents at different 
temperatures and under ethylene pressures up to 140 bar. 
Ethylene free radical polymerization showed a high solvent activation effect. Indeed 
ethylene free radical polymerization without solvent produced almost no polymer in the 
experimental conditions investigated. Polymerization in THF was shown to be almost 6 times 
more efficient than polymerization in toluene in the same experimental conditions. A broad 
range of solvents has been investigated in order to determine the critical parameters which 
control the ethylene polymerization activity. This effect has been rationalized using Keesom 
interaction parameters. Moreover, solvents also impact the molecular weight of synthesized 
PE and can lead via transfer reaction to functionalized polyethylene. Indeed THF-ended or 
chloro-ended polyethylene were obtained. This can be used for producing macromonomer for 
example. 
Some promising results were obtained towards the control of the radical 
polymerization of ethylene especially using CMRP. Indeed molecular weight increases 
linearly with conversion and the number of chains remains constant during the 
polymerization. Some RAFT agents also show promising results as the molecular weight 
increases with conversion, however the number of polyethylene chains also increases during 
the polymerization. One last promising way to control ethylene radical polymerization is by 
alkyl metal agent through a controlled mechanism via a degenerative transfer close to RAFT 
mechanism. These results represent an important breakthrough in the radical polymerization 
since ethylene is one of the last “uncontrolled” monomer among all these polymerized by 
radical pathway. 
The polymerizations in organic solvent under milder experimental conditions than 
the industrial ones were then transposed to emulsion radical polymerization. Stable PE latexes 
with solid content up to 40% were synthesized using a free radical polymerization in water 
using AIBA as initiator and with or without CTAB as surfactant. In emulsion PEs of high 
molecular weights were produced (Mn>106 g/mol, PDI>4). Particles diameters from 20 nm to 
150 nm were obtained leading from transparent to white latexes (see Figure 1). Two different 
morphologies of PE particles were obtained: sphere-like PE particles with some facets when 
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ethylene polymerizations are performed with a low surfactant concentration or cylinder-like 
particles if polymerizations are performed using a high surfactant concentration. Standard 
emulsions initiated by APS in or without the presence of SDS were also used however these 
systems appeared to be less efficient and eventually lead to flocculation in the presence of 
SDS. Finally, hybrid nanoparticles were obtained using polystyrene or silica cores.  
 
Figure 1. Light transmission through two different native PE latexes obtained at 6% of 
solid content 
In a second part of this work, we investigated the copolymerization of ethylene with 
a polar vinyl comonomer using free radical polymerization in organic solvent or in water. In 
this section we particularly highlighted the ambivalent role of the comonomer. Indeed 
comonomers are solvents which modify the ethylene reactivity (as ethylene radical 
polymerization presents a high solvent activation effect) on one hand and on the other hand, 
they are comonomers which can be inserted in the polymer chain. Consequently the reactivity 
ratios of a copolymerization can be tuned by controlling the comonomer initial content and 
the organic solvent used. In this section we demonstrated that in these experimental 
conditions, insertion of ethylene remained limited (having more than 50% of ethylene content 
was almost never reached except during VAC/ethylene copolymerization) and almost no 
sequence of successive ethylenes was present in the copolymer chain.  
Therefore another mechanism of polymerization needed to be developed in order to 
produce the complete range of copolymer composition from 0.1% to 99.9% of ethylene 
content. 
In the last part, we developed the hybrid copolymerization concept. First we 
demonstrated that the chosen nickel catalyst suffers a spontaneous homolytic cleavage and 
can also undergo radical substitution. Indeed, this homolytic cleavage of the nickel carbon 
bond can induce polymerization of polar vinyl monomers such as MMA or styrene. Moreover 
this cleavage kinetics can be adjusted by adding some phosphorous ligand to the system. Then 
for example the half-life time of the system can be monitored from 60 min to 360 min and 
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efficiency factor from 4% to 100% just by changing the phosphorous ligand. In the same way 
the catalytic polymerization parameters (activity, molecular weight and melting point of the 
synthesized PE) can be modified using the same ligands. Some of the phosphorous ligand 
almost totally inhibits the polymerization but other activate ethylene catalytic polymerization 
by a factor of 4. These results were unexpected because usually the addition of Lewis bases to 
an ethylene catalyst deactivates the ethylene polymerization. Finally a synergy effect has been 
demonstrated between the radical polymerization and the catalytic polymerization, since 
AIBN activates the ethylene polymerization catalyzed by NiNO and the radical 
polymerization initiated by NiNO. A mechanism of initiation of the polar monomer 
polymerization and interaction with AIBN has been proposed and confirmed using EPR 
techniques. 
Then we used the combination of NiNO and AIBN in order to perform efficient 
copolymerization of ethylene with various polar vinyl monomers from (meth)acrylates to 
(meth)acrylic acids or (meth)acrylamides. Mechanism of the hybrid radical/catalytic 
copolymerization has been investigated (see Figure 2). The superiority of the hybrid 
polymerization using an additional source of radical has been demonstrated. Multiblock 
copolymers have been produced with ethylene insertions from 0.1% to 99.9%. Finally, in 
order to improve this mechanism we investigated the possibility of coupling a catalytic 
polymerization with an ATRP system. Some promising results were obtained and the 
“shuttling” between the catalytic polymerization and ATRP demonstrated. 
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Figure 2. Proposed mechanism of hybrid copolymerization of ethylene with MMA 
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This thesis discloses new fields which need to be investigated further.  
In regards to the homopolymerization of ethylene, the fine study of the solvent 
activation effect using quantum calculations remains to be done. Indeed, ethylene free radical 
polymerization presents the unique advantage to be extremely simple to modelize compared 
to other monomers. This is then a unique opportunity to access a fine understanding of the 
solvent activation effect during radical polymerization. Some preliminary collaboration has 
been initiated during this PhD with Dr. Sylvain MARQUE and his team in the laboratory 
CROPS in Marseille (France).  
Moreover, transfer reaction to solvent during the radical polymerization of ethylene 
can also be used to produce functionalized PE such as macromonomer for example in order to 
access new architectures. For instance, polylactones with PE branches could be obtained.  
The development of ethylene controlled radical polymerization must also be 
investigated further with for example the synthesis of block copolymers by CMRP. 
In emulsion, the properties of PE latexes should be investigated and especially their 
coating properties. Indeed, these latexes could represent a cheap way to produce hydrophobic 
films. Moreover the core-shell nanoparticles based on PE should also be developed, especially 
the synthesis of HDPE core/LDPE shell nanoparticles could present some interesting 
properties. This kind of particles may have very promising physico-chemical properties. 
On the ethylene radical copolymerization, a closer investigation on ethylene vinyl 
acetate copolymerization needs to be done. Indeed with VAc, ethylene insertion up to 95% 
can easily be achieved. Since CRP techniques are available for the control of the 
polymerization of this monomer, a controlled radical copolymerization of ethylene with VAc 
may be possible.  
Concerning the hybrid mechanism, other catalysts need to be investigated. Indeed 
NiNO catalyst provide branched ethylene block, which increase the complexity of 13C NMR 
spectrum and therefore the copolymer microstructures is much difficult to investigate. 
Therefore the development of a hybrid polymerization with a catalyst which does not exhibit 
chain-walking would lead to linear ethylene block and therefore simplify the structure of the 
copolymer. Moreover, this kind of copolymer would possess different physico-chemical 
properties which remain to investigate. 
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The approach developed in this manuscript is to find an ethylene polymerization 
catalyst which could exchange its alkyl fragment via a radical substitution. Other pathways 
can be imagined such as hybrid catalytic/anionic or cationic polymerization, or one could 
search for a control agent of radical polymerization which allows the coordination and 
insertion of ethylene. Also the photo-induced cleavage of the metal carbon bond remains to 
investigate.  
Moreover, this hybrid polymerization could be transposed to other non polar 
monomer such as propylene, butadiene or styrene (especially sPS), and to other processes 
such as emulsion, miniemulsion. 
The development of a controlled hybrid polymerization using a living ethylene 
coordination/insertion polymerization and a controlled radical polymerization system remains 
an important improvement to perform.  
Finally, the physico-chemical properties of new multiblock copolymers need to be 
deeply investigated by mechanical methods, DMA (dynamic mechanical analysis) for 
example. Indeed the potential nanostructuration could lead to interesting properties. These 
new material should exhibit some new properties which can be used in specific applications. 
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All chemicals are handled using standard Schlenk procedures under argon 
atmosphere. Syntheses of catalysts are performed under inert atmosphere and products are 
stored in a glove box.  
Organic solvents are distilled or dried and degassed under argon. THF, pentane and 
diethyl ether are dried over sodium/benzophenone then distilled. Alcohols, dichloromethane 
and pyridine are dried over CaH2 and distilled. Other solvents are dried on molecular sieves. 
Water is purified using Milli-Q academic system (Millipore Corporation) and degassed under 
argon.  
Ethylene (purity 99.95%) is purchased from Air Liquide and used without any 
further purification. All other liquid monomers (1-hexene, MMA, BuA, etc) are purchased 
from Acros and dried over CaH2 (except AA, MAA, AAm, MAAm) and cryodistilled. AA 
and MAA are first dried on molecular sieves and then cryodistilled. AAm and MAAm are 
used without any further purification. 
Radical initiators (AIBN, AIBA, APS, etc) are purchased from Acros and used 
without any further purification. Other compounds (such as surfactant, phosphorous ligand) 
are purchased from Acros or Sigma-Aldrich and used without any further purification. 
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A. Synthesis of organometallic compounds 
1. NiNO synthesis 
N
O
I
I
Ni
PPh3
i-Pr
i-Pr
 
a) Ligand synthesis 
The ligand synthesis was performed according to Grubbs procedure [1]. 
N
OH
I
I
O
OH
I
I
H2N
H2O
+
+
MeOH+H+
3h, 25°C
 
In a Schlenk under argon 100 mL of methanol were added to 5 g of 
3,5-diiodosalicyladehyde (13 mmol). Then 3.5 mL of 2,6-diisopropylaniline (1.3 eq) were 
added to the suspension at ambient temperature. 0.5 mL of formic acid were finally added 
dropwise. A yellow suspension was obtained. After three hours, a yellow solid was isolated 
by filtration. The solid was washed with 3 x 30 mL of methanol. Then the solid was dissolved 
in diethyl ether and dried by sodium sulphate during 1 hour. The salts were removed by 
filtration. The solvent was evapored under vacuum. A yellow solid was obtained and dried 
under vacuum (yield 85%). 
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NMR 
1H (C6D6, 300 MHz): 14.2 (s, OH, 1H), 7.9 (d, Har, 1H), 7.3 (s, CH=N, 1H), 6.9-7.1 
(m, Har, 4H), 2.8 (m, CHMe2, 2H), 1.0 (d, CHMe2, 2H) ppm  
13C (C6D6, 75 MHz): 165.8 (C-O), 161.2 (C-N), 150.0, 146.0, 141.1, 139.1, 126.9, 
124.0, 120.7, 88.4 (C-I), 80.9 (C-I), 28.9 (CHMe2), 24.0 (CHMe2) ppm 
 
The ligand was then deprotonated. 
N
OH
I
I
N
ONa
I
I
NaH
2h, 25°c in THF
 
7 g of ligand (14 mmol) were dissolved in 100 mL of freshly distilled THF. To this 
yellow solution 1 g of NaH (3.1 eq) was slowly added. The mixture was stirred during 2 hours 
at ambient temperature. After filtration and removal of the solvent under vacuum, the 
resulting solid was washed with 2 x 20 mL of cold pentane. A beige solid was obtained and 
dried under vacuum (yield 89%). Purity of the product was evidenced by the absence of the 
O-H bond vibration on IR spectrum. 
b) Nickel precursor synthesis 
The trans-(PPh3)2NiPhCl synthesis was performed according to Zeller procedure [2]. 
NiCl2 4 PPh3
2h at 50°C then 
12h, 25°C in DMF
Zn
Ni(PPh3)4+
Cl
3h, 0°C in toluene
Ni
Ph3P
Cl PPh3
 
In a Schlenk, 1.3 g of nickel (II) chloride (10 mmol), 0.66 g of Zn powder (10 mmol) 
and 11 g of triphenyl phosphine (42 mmol) were stirred in 100 mL of DMF. A green 
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suspension was obtained. The mixture was stirred during 2 hours at 50°C then overnight at 
ambient temperature. A red suspension was then obtained. Solvent was removed under 
vacuum at low temperature (T<40°C) and 200 mL of toluene was added. The red solution was 
cooled down at 0°C then 3.1 mL of chlorobenzene (25 mmol) were added dropwise. The 
mixture was stirred during 3 hours at 0°C. A brown suspension was obtained. After filtration 
and evaporation of the solvent, the solid was washed with 2 x 50 mL of heptane. An orange 
powder was obtained (yield 60%). 
NMR 
13C (C6D6, 75 MHz): 148.9 (s, i-C of Ni-Ph), 138.5 (t, o-C of Ni-Ph), 135.5 (t, o-C of 
PPh3), 133.0 (t, i-C of PPh3), 130.0 (s, p-C of PPh3), 128.4 (t, m-C of PPh3), 127.3 (s, p-C of 
Ni-Ph), 121.4 (s, m-C of Ni-Ph) ppm 
c) Synthesis of the NiNO catalyst 
The nickel complex synthesis was performed according to Grubbs procedure [1]. 
N
O
I
I
Ni
PPh3
N
ONa
I
I
Ni
PPh3
Cl
PPh3
+ 6h, 25°C in toluene
CHMe2
Me2HC
1
2
3
4
5
6
1'
2'
3'
4'
5'
6'
+ NaCl
In a Schlenk 2.5 g of trans-(PPh3)2NiPhCl (3.59 mmol) were stirred in 50 mL of toluene. 
Then 1.95 g of deprotonated ligand (1.1 eq) were added to the orange suspension. This 
mixture was stirred at ambient temperature during 6 hours and turns red. After filtration, 
toluene was removed under vacuum. A red oil was obtained. This oil was washed with 
3 x 40 mL of distilled pentane. An orange powder was obtained (yield 45%). The purity of the 
complex was confirmed by the absence of free phosphine determined by 31P NMR (absence 
of a peak around -5 ppm). 
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NMR 
1H (C6D6 , 300 MHz): 8.2 (d, CH=N, 1H), 6.3-7.2 (m, Har, 25H), 4.0 (m, CHMe2, 
2H), 1.2 (d, CHMe2, 6H), 1.1 (d, CHMe2, 6H) ppm 
13C (C6D6 , 75 MHz): 165.8 (s, C1), 163.5 (s, HC=N), 150.5 (s, C5), 149.9 (s, C1’), 
142.6 (s, C3), 140.8 (s, C2’ and C6’), 137.7 (d, o-C of Ni-Ph), 135.3 (d, o-C of Ni-PPh3), 
132.9 (t, i-C of Ni-Ph), 132.1-131.5 (d, i-C of Ni-PPh3), 130.5 (s, p-C of Ni-PPh3), 127.7 (t, 
m-C of Ni-PPh3), 126.8 (s, p-C of Ni-Ph), 125.9 (s, C4’), 123.4 (s, C3’ and C6’), 122.1 (s, 
C2), 121.0 (s, m-C of Ni-Ph), 97.6 (s, C6), 73.9 (s, C4), 29.4 (s, CHMe2), 26.0 (s, CHMe2), 
23.2 (s, CHMe2) ppm 
31P (C6D6 , 121 MHz): 23.5 (s, Ni-PPh3) ppm (-5 ppm,free PPh3) 
2. NiPO synthesis 
O
Ni
P PPh3
Ph Ph
O
O
 
a) Ligand synthesis 
The ligand synthesis was performed following the procedure derived from literature 
and developed at the LCPP during Benjamin Saillard thesis [3]. 
P+
O
O
Br-
N
O
Cl
benzoylchloride
P
O
O
N
Br-
H
- P
O
O
O
3 3
3
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At T=0 °C, 6.1 g of triethylamine (60 mmol) were added dropwise to a suspension of 
12.94 g of (ethoxycarbonyl methyl)triphenylphosphonium bromide (30 mmol) in 60 mL of 
THF. The suspension was stirred for 30 min. Then, 4,2 g of benzoylchloride (30 mmol) were 
added dropwise. 
The suspension was warmed up to room temperature during 1 h. The salts were 
removed by filtration. The remaining solvent was removed under vacuum. The white solid 
obtained was dissolved in 50 mL of methanol. To precipitate the white solid, 200 mL of 
distilled water were added. The solid was filtered, washed with 3 x 10 mL of petrolether and 
dried under vacuum. A white powder was obtained (yield 60%). 
NMR 
1H (acetone-d6, 300 MHz): 7.58-7.30 (m, Har, 20H), 3.54 (q, OCH2CH3, 2H), 0.57 (t, 
OCH2CH3, 3H) ppm 
13C (acetone-d6, 75 MHz): 134.8 (d, O-C=O), 133.2 (d, O=C-Ph), 130.4-122.7 (Car), 
59.1 (s, OCH2CH3), 14.7 (s, OCH2CH3) ppm 
b) Nickel recursor synthesis: Ni(COD)2 
The Ni(cod)2 synthesis was performed following the procedure derived from 
literature and developed at the LCPP during Benjamin Saillard thesis [3]. 
NiCl2(H2O)6
N
4h, 115°C
NiCl2(Pyr)4
 
59.1 g of nickel (II) chloride hexahydrate (250 mmol) were dissolved in 600 mL of 
pyridine. The resulting blue suspension was stirred during 4 hours at 115°C. Then after 
cooling down the mixture, a solid was obtained by filtration and washed with 3 x 100 mL of 
heptane. 117g of a blue powder of NiCl2(Pyr)4 were obtained (yield 95%). 
NiCl2(Pyr)4
2h, -20°C then 12 hat -5°C
1) 2) Na
Ni(cod)2
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20.8 g of NiCl2(Pyr)4 (52.0 mmol) was added in 150 mL of THF. The mixture was 
cold down to -20°C then 25.4 mL (4 eq) of 1,5-cyclooctadiene freshly distilled were added 
dropwise. The mixture was stirred during 2 hours at -20°C. Then 2.3 g of sodium wire 
(101 mmol) were slowly added to the mixture (≈30 min). The mixture turns green and was 
stirred overnight at -5°C. The purple solution was transferred through cannula in 350 mL of 
cold methanol at -5°C. A yellow solid precipitates. After filtration, the solid was washed with 
6 x 50 mL of methanol. 6 g of Ni(cod)2 were obtained (yield 63 %). 
NMR 
1H (C6D6, 300 MHz): 4.3 (s, CH, 4H), 2.1 (s, CH2, 8H) ppm 
c) Catalyst synthesis 
P
O
O
O
3 Ni(cod)2
O
Ni
P P
Ph
Ph
Ph
Ph Ph
O
O
PPh3
 
The catalyst synthesis was performed following the procedure derived from literature 
and developed at the LCPP during Benjamin Saillard thesis [3]. 
A solution of 2,24 g (8,2 mmol) of Ni(cod)2 in 40 mL of THF was added to a 
suspension of 3,76 g (8 mmol) of the ligand and 2,21 g (8,1 mmol) of triphenyl phosphine in 
60 mL of THF. The mixture was stirred for 1 h, then the solvent was removed under vacuum. 
The residue was dissolved in 30 mL of toluene. 200 mL of heptane were added to precipitate 
a yellow solid. After filtration the product was washed with 3 x 10 mL of heptane and dried 
under vacuum (yield 60%). 
RMN 
1H (CDCl3, 300 MHz): 8.20-6.14 (m, Har, 35H), 3.8 (q, O-CH2CH3, 2H), 0.6 (t, O-
CH2-CH3, 3H) ppm. 
13C (CDCl3, 75 MHz): 165.4 (C=O), 134.3, 133.6, 133.5, 131.3, 129.7 – 129.3, 
129.0, 127.8, 126.7, 126.0, 121.2, 91.0, 58.3 (s, O-CH2CH3), 13.8 (s, O-CH2-CH2) ppm 
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B. Method of polymerization 
1. Polymerizations without ethylene 
Polymerizations of liquid monomers were performed in a Schlenk under inert 
atmosphere with a magnetic stirring.  
Standard polymerization procedure (e.g. MMA homopolymerization) 
The radical initiator and/or the catalyst were dissolved in the desired volume of 
solvent and the desired quantity of monomer in a Schlenk tube under argon. The mixture was 
heated up to the desired temperature under magnetic stirring. During the polymerization, we 
regularly collected samples in order to determine the kinetic profile by gravimetry. At the end 
of the polymerization, the mixture was cooled down and acidic ethanol was added in order to 
quench the reaction. 
 
We also perform polymerization under argon pressure. In this case the procedure was 
similar to the one developed for high-pressure ethylene polymerization except that we 
charged the reactor thanks to a commercial argon gas cylinder at 200 bar. 
2. Ethylene homo- and copolymerization at low-pressure 
(P<25 bar) 
Beside the high-pressure reactor, two other 500 mL ethylene polymerization reactors 
were used at lower pressure with a similar modus operandi: a glass reactor in which 
polymerization can be performed up to 4 bar of ethylene pressure and a steel reactor from SFS 
with ethylene pressure up to 25 bar.  
Standard polymerization procedure 
Caution, all polymerizations involve high pressure and explosive gaz. 
The radical initiator and/or the catalyst were dissolved in the desired volume of 
solvent and eventually the desired quantity of comonomer was added in a Schlenk tube under 
argon. The mixture was introduced through cannula into the reactor. Ethylene was introduced 
from an intermediate tank (charged from commercial ethylene gas cylinder) at the given 
pressure using a manometer and the mixture was heated at the desired temperature under 
stirring (250 rpm). The pressure was maintained constant during the entire polymerization by 
continuous feeding with ethylene intermediate tank. A pressure sensor on the ethylene tank 
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records the fall of pressure during the reaction and a thermocouple in reactor measures 
temperature. Using these sensors, we can follow easily the kinetic of the reaction on-line. 
Indeed in this case the intermediate tank does not suffer important decompression. The 
temperature remains almost constant near ambient temperature; therefore the consumption of 
ethylene in the intermediate tank allows the calculation of the reaction profile. At the end of 
the polymerization, the reactor was slowly cooled down and degassed. The polymer was then 
dried under vacuum at 70°C and washed. 
3. Ethylene homo- and copolymerization at high-pressure  
Standard polymerization procedure 
Caution, all polymerizations involve high pressure and explosive gaz. 
Ethylene polymerizations were done in a 160mL stainless steel autoclave (equipped 
with safety valves, stirrer, oven) from Parr Instrument Co.. To manage safely polymerization 
over 50 bar of ethylene we have used a 1.5 L intermediate tank. The tank was cooled down to 
-20°C to liquefy ethylene at 35 bar. When thermodynamic equilibrium was reached, the 
intermediate tank was isolated and heated to reach up to 300 bar of ethylene pressure. This 
tank was used to charge the reactor, and maintain pressure of ethylene constant in the reactor 
by successive manual ethylene additions.  
The radical initiator and/or the catalyst were dissolved in the desired volume of 
solvent and eventually the desired quantity of comonomer was added in a Schlenk tube under 
argon. The mixture was introduced through cannula into the reactor. Ethylene was introduced 
and the mixture was heated at the desired temperature under stirring (250 rpm). At the end of 
the polymerization, the reactor was slowly cooled down and degassed. The polymer was then 
dried under vacuum at 70°C. 
Similar modus operandi was used for ethylene emulsion except that the latexes 
obtained were split. A part was dried and washed with water in order to perform analyses 
such as NMR, DSC, HT-SEC, etc. The other part was used to determine the latex colloidal 
properties (DLS, TEM, X-ray, etc).  
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a) High-pressure reactor design 
Overall view of the reactor 
 
Built by Jean-Pierre Broyer 
 
Intermediate ethylene tank 
Double safety equipment:
Safety rupture disks  (350 bar)
then pressure relief valves
Pressure gauge and sensor
Feeding of the reactor 
via a manometer
Feeding of the tank by 
a commercial 70 bar 
ethylene gas cylinder
1.5 L ethylene tank
Thermo regulated 
from -25°C to 60°C
 
Design by Roger Spitz 
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Feeding of the reactor 
Pressure 
gauge
Pressure 
sensor
Double safety 
equipment
Ethylene 
inlet valve
Ethylene 
release valve
Argon 
inlet valve
Reactant 
inlet valve
 
 
Reactor vessel 
160 mL reactor 
vessel
Solid-ring with cap 
screws for fixed 
head vessel
Internal stirring 
system
Thermocouple
Flat PTFE 
gasket
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Reactor stirrer and heater 
Magnetic stirrer
Aluminum 
block heater
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b) About the on-line measurement of ethylene consumption 
during the polymerization 
Both intermediate tank and reactor itself are equipped with online monitoring of 
temperature and ethylene pressure. Generally during ethylene polymerization ethylene 
consumption in the intermediate tank is registered in order to obtain the kinetic of the 
reaction. However in this case the tank is submitted to a smaller decompression.  
Indeed if the reactor is charged at 100 bar of ethylene pressure the thermodynamic 
equilibrium of the intermediate tank is reached only after several hours (see Figure 1). 
Usually the intermediate tank pressure decreases of almost 200 bar and temperature of 10°C. 
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Figure 1. Density calculated inside the ethylene tank using measured temperature and 
ethylene pressure. A t=0 sec the reactor is charged then after t=30 sec the inlet valve of 
the reactor is closed during the reaction 
As shows Figure 1, the thermodynamic equilibrium is not reached during the 
polymerization. Consequently, the ethylene consumption cannot be measured by this method 
and the reaction profile needs to be determined by another method such as the one developed 
in our manuscript (several experiments in same experimental conditions during different 
times). 
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The reaction profile can also be determined thanks to the ethylene pressure and to the 
temperature of the reactor but as we have chosen to work at constant ethylene pressure during 
the polymerization we can not use this method. 
 
Moreover during the filling of ethylene intermediate tank, the thermodynamic 
equilibrium is reached only after 1h30 of condensation (see Figure 2). 
10 100 1000
35
40
310
320
330
340
350
360
370
380
390
400
d 
(g/
L)
t (sec)
Be
gi
n
in
g
of
 
th
e
 
ch
a
rg
e
Th
e
rm
od
yn
am
ic
e
qu
ilib
riu
m
re
a
ch
ed
1h30
d 
(g/
L)
Be
gi
n
in
g
of
 
th
e
 
ch
a
rg
e
Th
e
rm
od
yn
am
ic
e
qu
ilib
riu
m
re
a
ch
ed
 
Figure 2. Density of the ethylene tank during the condensation of ethylene. 
All these results indicate that temperature and ethylene pressure of the intermediate 
tank cannot be used to follow the reaction profile. The tank must be equipped of a stirrer in 
order to decrease the time to reach the thermodynamic equilibrium. Therefore if this time was 
dramatically decreased (few minutes) the reaction profile could be measured directly. 
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C. Analytical methods 
1. Polymer analyses 
a) SEC 
Molecular weights of polyethylene are determined by size exclusion chromatography 
(SEC) using a Waters Alliance GPCV 2000 instrument (columns: PLgel Olexis) with two 
detectors (viscosimeter and refractometer) in trichlorobenzene (flow rate: 1 mL/min) at 
150°C. The system is calibrated with polystyrene standard sample using universal calibration. 
For THF-soluble polymer, molecular weights are determined by size exclusion 
chromatography using a WATERS 717 injector, four columns (one precolumn PLgel Olexis 
guard and three columns PLgel 5µm Mixed C) at 30°C. Two detectors are used (light 
scattering and refractometer) in order to obtain the absolute molecular weight. 
b) DSC 
For PE melting points, differential scanning calorimetry (DSC) is performed on a 
Mettler Toledo DSC1 at a heating rate of 5 K/min from 20°C to 150°C. Two successive 
heatings and coolings of the samples are performed. We consider data (Tm values, 
crystallinity) obtained during the second heats.  
c) NMR 
High-resolution liquid nuclear magnetic resonance (NMR) spectroscopy is carried 
out with a Bruker DRX 250 spectrometer operating at 250 MHz for 1H at the Service commun 
de RMN du Réseau des Polyméristes Lyonnais in Villeurbanne. Spectra are obtained with a 
5-mm QNP probe. PE samples are examined as 10–15 %(w/v) solutions using a mixture of 
tetrachloroethylene (TCE) and perdeuterobenzene (C6D6) (2/1 v/v) as solvent at 363 K. 
Chemical shift values (δ) are given in ppm in reference to internal tetramethylsilane (TMS). 
d) IR 
Infrared analysis (IR) is performed on a Nicolet Protégé 460 Spectrometer ESP with 
a resolution of 4 cm-1 from 500 cm-1 to 3800 cm-1. A background spectrum is collected and 
substracted from the spectrum of the sample. Samples are prepared by mixing the powder 
with KBR and pressing the mixture into pellets. The presences of the inserted comonomer in 
the polymer chain are confirmed by this method. 
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e) MALDI-TOF 
MALDI-TOF (matrix-assisted laser desorption/ionisation – time-of-flight mass 
spectrometry) spectrum is obtained using PerSeptive Biosystèms Voyager 4130 DE-STR with 
sodium ionisation performed at the Institut de Biologie et de Chimie des Protéines in Lyon. 
Samples are prepared by mixing a polymer solution in toluene and a solution of THAP 
(2,5-dihydroxybenzoic acid) in toluene. 
2. Colloidal analyses 
a) DLS 
Particle size is determined by dynamic light scattering (DLS) using a Malvern 
Zetasizer 1000 HAS autosizer apparatus with a detection angle of 90° at 25°C. The 
measurements are performed on highly diluted samples in order to rule out interaction and 
multiple scattering effects. The intensity average diameter is computed from the intensity 
autocorrelation data using the cumulant analysis method. The final data is the average of 
5 measurements for each sample.  
b) TEM 
TEM (transmission electron microscopy) analyses is performed after placing a 
droplet of the particle suspension on a copper grid (3.05mm copper grid with Formvar/Carbon 
support Film, 200 mesh (Agar Scientific)) and dried before analysis. TEM is performed on a 
Philips CM120 transmission electron microscope, at an acceleration voltage of 80 kV (Centre 
Technologique des Microstructures (CTµ) - Plateforme d'Imagerie Integrative (PI²), Claude 
Bernard University, Lyon, France). 
TEM tomography is performed on the same microscope by tilting the samples every 
2° from -70° to +70°, then image processing is performed in order to picture the 3D shape of 
particles. 
c) AFM 
AFM (atomic force microscopy) analyses are performed after placing a droplet of the 
particles suspension on a mica surface and dried before analysis. AFM is performed in a AFM 
nanoscope using tapping mode (287 KHz, 16 mV) in the CLYME (Centre Lyonnais de 
Microscopie Electronique) in Lyon. 
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d) TGA 
TGA (thermogravimetric analysis) is performed on a Mettler Toledo DSC/ATG 1 at 
a heating rate of 20 K/min from 30°C to 800°C. Organic content is obtained by measuring the 
weight loss during the heat. 
e) Surface tension measurements 
The surface tension of aqueous solution of CTAB and PE latexes at 25°C are 
measured using the Wilhemy plate method owing to the Krüss Digital Measuring Instrument 
Tensiometer K12C in the range of 0-80 mN/m with a resolution of 1 mN/m. The cmc value is 
determinated at the sharp break point in the surface tension versus the surfactant concentration 
The area per adsorbed surfactant molecule (As) is estimated by tensiometry at 25°C 
using the method developed by Maron [4]. This method consists of determining the cmc of 
the surfactant in pure water and in the presence of the latex particles. The difference between 
the two cmc corresponds to the quantity of absorbed surfactant at the particles surface. 
Therefore it is easy to calculate AS. 
f) X-Ray scattering 
X-Ray analysis is performed in collaboration with Jean-Pierre ALBOUY in the LPS 
(Laboratoire de Physique du Solide) at the University of Orsay. Crystallinity and average 
crystallite dimension are measured by a X-ray scattering using Cu Kα radiation (λ=1.54 A°) 
from a 1.5 kW rotating anode generator. PE latex is placed in a glass capillary for X-Ray 
experiment. 
Crystallinity is measured by adding the crystalline and amorphous spectra in order to 
obtain the experimental spectrum. X-Ray diffusion of hexadecane is used for the amorphous 
spectra. Diffusion water, air and the capillary background need also to be determined and 
subtracted from the spectrum of the samples. 
Average crystallite dimension are calculated by the Scherrer formula [5].  
θτ
λ
cos
89.0
=lH  
With τ  the crystallite dimension, λ the X-ray radiation, lH  the mid-height thickness 
if the X-ray peak, θ  the angle of scattering.  
Therefore crystallite diameters can be estimated even though the thickness of the 
crystallite cannot be determined by this method. 
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3. Organometallics and organic compounds 
a) NMR 
NMR analyses 1H, 13C, 31P are performed in team “Chimie Organométallique de 
Surface” of C2P2 laboratory in Villeurbanne on a spectrometer Brücker AC300 300 MHz at 
22°C. Analyses of air-sensitive products are performed using Young tubes. 
b) EPR 
EPR (electron paramagnetic resonance) analyses are performed in Chemistry 
laboratory at ENS Lyon (thaks to Laurant BONNEVIOT) on a spectrometer Brucker Elexsys 
E500 X-band (9.4 GHz) spectrometer with a standard cavity. The magnetic field is measured 
on time by a gaussmeter. Analyses of air-sensitive products are performed using Young tubes. 
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The influence of molecular weight and degree of branching on the melting 
temperature of PE is critical [1]. Some studies have reported a correlation between molecular 
weight, microstructure and melting point. 
These studies have a great importance since they allow estimation of the 
microstructure of PE without performing a 13C NMR spectrum.  
A. Melting point of linear PE 
The melting point of linear PE can be extrapolated from the melting point of 
corresponding alkanes [2] (see Figure 1). 
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Figure 1. Melting temperature of oligomers; = alcanes,▲= cycloalcanes 
As shown on the figure, over 5000 g/mol the melting point attains a value almost 
equal to  the one of linear polyethylene (Tm=121°C at 2000 g/mol and Tm=132°C at 
5000 g/mol). The extrapolation of this curve at infinite molecular weight gives a melting point 
of about 140°C. However this value cannot be reached due to entanglement effects. Indeed 
the ultra high molecular weight polyethylenes (UHMWPE) have lower crystallinities and 
melting point than classical HDPE (drop of 5°C from 50000 g/mol to 107 g/mol) [3]. The 
maximum in melting point and crystallinity for a linear PE is usually reported of around 
100000 g/mol [4]. 
Annex I :   Influence of the PE microstructures on 
its melting point  
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B. Melting point of branched PE 
As early as 1949 Flory [5, 6] developed the crystallization theory of polymers. It 
modelizes the simplest case of copolymers in which one monomer unit can form crystallite 
and the other one does not form any by itself and no co-crystallization occurs: the theory can 
be summarized in a unique equation 1. 
( )( )20 1'ln11 AA
umm
X
h
R
TT
υµ −−−=−  (1) 
Where mT  is the melting temperature of the copolymer, 
0
mT the melting point for 
corresponding homopolymer with the same molecular weight, uh  the heat of fusion per 
repeating unit, 'µ  the heat of mixing parameter, and AX  and Aυ  are respectively the mole 
fraction and volume fraction of the crystallizing structural unit in the copolymer. 
This equation can be applied for ethylene copolymer, and branched PE in first 
approximation. However, the molecular weight influence is not included in Flory equation. 
It is known experimentally that the melting point of the crystallites is related to the 
lamellar thickness [7-9] and therefore at any given temperature there is a certain thickness 
required to provide a stable crystallite. Consequently the lamellar thickness of the crystallites 
formed in a branched PE will be determined in part by the length of the ethylene units 
sequence providing that the comonomer unit is excluded from the structure (branches are 
considered as non-crystallisable units). The thickness of lamellas can be accessed by X-ray 
analysis, but generally only DSC is available to study PE so we will focus only on the relation 
between melting temperature and heat of fusion with the microstructures of the PE. 
The real influence of branches degree on PE melting point is more complicated. 
Mandelkern [8-11] reported a correlation between melting point, crystallinity and crystallite 
dimension to the PE microstructures and molecular weights. His results are summarized in the 
Figure 2. 
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Figure 2. Melting temperature of polyethylene;  = ethylene-butene copolymers,  
▲ = ethylene-hexene copolymers,  = ethylene-octene copolymers, label correspond to 
the number of branches per 1000C [8-11]  
In all this part, we only plot the melting temperature after a fast crystallization 
obtained by Mandelkern (cooling rate over 5°C/min). Indeed the melting temperature is 
strongly dependant for branches PE to the cooling rate. At very low cooling rate the 
difference in Tm could be over 5°C and the tendency with degree of branches could be 
different. Therefore it is mandatory to perform DSC analyses always in similar experimental 
conditions. 
At constant high molecular weight, a correlation is found between the melting point 
and the degree of branches (see Figure 3). Whatever the kind of branches from ethyl to butyl, 
the melting point decreases with the degree of branches following the same curve.  
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Figure 3. Correlation between melting temperature and branches content at constant 
Mw=90000±20000 g/mol;  = ethylene-butene copolymers, ▲ = ethylene-hexene 
copolymers,  = ethylene-octene copolymers [8-11]  
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This curve is used in this manuscript in order to estimate the branching level of our 
synthesized PE. 
For methyl branches the behavior is totally different due to the possibility of co-
crystallization of ethylene and propylene units into a new crystallite [12-14]. In this case the 
copolymer can exhibit several melting points for each sort of crystallite.  
For higher α-olefins, such as 1-dodecene or 1-octadecene, the relation between 
melting temperature and degree of branches diverges. The melting point is lower than 
expected at low branches degree [15] because longer branches induce a higher perturbation of 
the crystallization due to a higher free volume. Flory equation takes into account this 
contribution in the term ( )21' Aυµ − . 
Finally at constant degree of branches, melting temperature slightly decreases with 
the molecular weight. An unexpected behavior is observed at low molecular weight (see 
Figure 4). The melting point first increases with the molecular weight until a maximum 
(around Mn=5000 g/mol) then decreases as expected. This maximum is still not understood 
and the evolution of this maximum with the branches type and the degree of branches is not 
studied to the best of our knowledge. Moreover, this maximum vanishes if the copolymer is 
submitted to an isothermal crystallization. Consequently this maximum seems to be related to 
a kinetic effect and not to a thermodynamic one. 
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Figure 4. Influence of the molecular weight on the melting point at constant degree of 
branches 23C/1000C for ethylene-butene copolymer [8-11]  
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In conclusion these results show that the melting point of a branched PE depends on 
two major parameters: the molecular weight of the polymer and the degree of branches. 
Usually melting points decrease with the branches content and molecular weight. However no 
global relation has been described up to now linking all these parameters.  
C. Crystallinity of branched PE 
For crystallinity the relationship with branches is well known [16]. The heat of 
fusion for a random copolymer per weight fraction of ethylene (ethylene is the only 
comonomer which contributes to crystallization 
E
m
m W
HH ∆=∆ '  with EW  the weight fraction 
of ethylene in the copolymer) can be related to the ethylene mole fraction ( Ex ) by the 
equation 2.  
Em xnkH ln'lnln
' +=∆
 (2) 
Where k  is a constant related to the enthalpy of fusion of the parent homopolymer, 
'n  corresponding to the critical sequence length below which no monomer sequence will 
crystallize. The constant k  is likely to be affected by parameters such as Mw and PDI, 
heterogeneity of copolymer composition, thermal history of the sample, and presence of 
nucleating impurities. 
As expected 'n  increase with the branches length (5 for ethyl branches, 13 for 
isobutyl). 
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Comonomer molar insertions are measured by 1H NMR in TCE/C6D6 2/1 at 90°C. 
For each copolymer, the hydrogen atoms in red in the following table are integrated and 
calibrated. Then the peak between 1-2.5 ppm (except for MAN, AA, MAA, AAm and 
MAAm) are integrated (A). Finally using the following formula the comonomer insertions are 
determinated. 
Comonomer 
Calibration 
[peak (ppm)] 
Comonomer molar 
insertion 
MMA  
*
1-xx
O
O
CH3
*
 
3 [3.6] 
4
51
1
−
+
A
 
BuMA  
*
1-xx
O
O
H2C
*
 
2 [4] 
4
121
1
−
+
A
 
tBuMA  
*
1-xx
O
O
*
CH3
H3C CH3
 
9 [3.5] 
4
51
1
−
+
A
 
MA  
*
1-xx
O
O
CH3
*
 
3 [3.3] 
4
31
1
−
+
A
 
Annex II :   Calculation of comonomer molar 
insertion 
Annex II 
 VIII 
Comonomer 
Calibration 
[peak (ppm)] 
Comonomer molar 
insertion 
BuA  
*
1-xx
O
O
H2C
*
 
2 [4] 
4
101
1
−
+
A
 
tBuA  
*
1-xx
O
O
*
CH3
H3C CH3
 
9 [3.5] 
4
31
1
−
+
A
 
Sty  *
1-xx
C6H5
*
 
5 [5.7-7.4] 
4
31
1
−
+
A
 
MSty  *
1-xx
C6H5
*
 
5 [5.7-7.4] 
4
51
1
−
+
A
 
AN  * CH
1-xx
CN
*
 
1 [3.5] 
4
21
1
−
+
A
 
MAN  *
C
H2 1-xx
CN
*
 
2 [2.2] 
4
31
1
−
+
A
 
Calculation of comonomer molar insertion 
 IX 
Comonomer 
Calibration 
[peak (ppm)] 
Comonomer molar 
insertion 
AA 
* CH
1-xx
O
OH
*
 
1 [2.5] 
4
21
1
−
+
A
 
MAA 
*
C
H2 1-xx
O
OH
*
 
2 [1.9] 
4
31
1
−
+
A
 
AAm 
* CH
1-xx
O
NH2
*
 
1 [2.5] 
4
21
1
−
+
A
 
MAAm 
*
C
H2 1-xx
O
NH2
*
 
2 [2] 
4
31
1
−
+
A
 
VAc  
* CH
1-xx
O
*
O
 
1 [4.7] 
4
51
1
−
+
A
 
Annex II 
 X 
Comonomer 
Calibration 
[peak (ppm)] 
Comonomer molar 
insertion 
PAc  
*
1-xx
O
*
O
CH3
 
3 [3.5] 
4
51
1
−
+
A
 
VPiv  
* CH
1-xx
O
*
O
 
1 [4.7] 
4
111
1
−
+
A
 
MCr 
*
1-xx
O
O
CH3
*
 
3 [3.5] 
4
51
1
−
+
A
 
 
Run Solvent 
c : cohesive 
solvent pressure 
(MPa)a 
ε  : Dielectric 
constant  
(at 20°C)b 
µ  : Dipole 
momentum 
(10-30 C.m)b 
1 None 151 - 0 
2 Cyclohexane 285 2.0 0 
3 Heptane 219 1.9 0 
4 Toluene 337 2.4 1 
5 DMSO 708 46.4 13.5 
6 Acetonitrile 581 35.9 11.8 
7 DEC 324 2.8 3.7 
8 DMF 581 36.7 10.8 
9 Dibutylether 256 3.1 3.9 
10 Ethanol 676 24.5 5.8 
11 Acetone 488 20.6 9 
12 Dimethylcarbonate 412 3.2 3.7 
13 Butanone 383 18.5 9.2 
14 Butyrolactone 665 39.0 14.2 
15 Butan-2-ol 488 16.6 5.5 
16 Cyclohexanone 364 16.0 10.2 
Annex III :   Table of cohesive pressure, 
dielectric constant and dipole momentum of 
solvents  
Annex III 
 XII 
Run Solvent 
c : cohesive 
solvent pressure 
(MPa)a 
ε  : Dielectric 
constant  
(at 20°C)b 
µ  : Dipole 
momentum 
(10-30 C.m)b 
17 Butan-1-ol 485 17.5 5.8 
18 Ethyl acetate 331 6.0 6.1 
19 Dichloromethane 414 8.9 5.2 
20 1,4-dioxane 388 2.2 1.5 
21 THF 365 7.6 5.8 
a: obtained from Reichardt, C., In Solvents and solvent effects in organic chemistry, 2nd ed.; 
Reichardt, C. Ed.; VCH:Weinheim 1988. b; obtained from Loupy, A., In Effets de milieu en 
synthèse organique: Des effets de solvants aux méthodes d'activation non classiques, 2nd ed.; 
Loupy, A. Ed.; Dunod 1996. 
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Ethylene is industrially polymerized either by radical polym-
erization under severe conditions or by catalytic polymerization
at lower temperatures and pressures. Free radical polymerization
of ethylene is performed under high pressure (1000-4000 bar)
and high temperature (200-300 C) in bulk.1,2 Under these
conditions radical polymerization provides a branched polyethy-
lene due to uncontrolled transfer reactions to polymer. Polymers
possess a degree of crystallinity of 45-55% andmelting points of
105-115 C. They contain 15-25 short-chain branches and 2-5
long-chain branches per 1000 carbon atoms. Catalytic polymer-
izations3,4 generally occur at low pressure (1-50 bar) and low
temperature (near or below 100 C). Under intermediate condi-
tions (100-200 C, 100-500 bar) an anionic oligomerization5,6
of ethylene (“Aufbau” reaction) occurs leading to a linear
polyethylene with low molecular weight.
At ethylene pressure below 300 bar and low temperature
(<100 C) radical polymerization has been shown to be ineffi-
cient, unless ethylene is activated by strong Lewis acid such as
original lithium cations.7 Clark’s calculations8,9 of the gas-phase
activation energy of methyl radical addition to ethylene predic-
ted a decrease from 60 to 25 kJ/mol when ethylene is complexed
with Liþ.
The development of radical polymerization of ethylene under
mild conditions (P < 250 bar and 50 C < T < 90 C) is an
important challenge since it may open a new field of radical
ethylene polymerization allowing the use of solvents, organic
additives and classical radical initiators such as diazo compounds.
Solvent effects have been observed in radical polymerization with
common vinyl monomers,10,11 although this effect remains tiny
except for vinyl acetate. To our knowledge, the influence of the
solvent has not been discussed for radical polymerization of
ethylene. In the present paper, radical ethylene polymerization is
reported using two solvents having different polarities: toluene
and THF. The solvent influences on productivity and polyethy-
lene molecular weight are discussed and rationalized.
Radical polymerization of ethylene was performed at 70 C in
the range of 10 to 250 bar using AIBN as initiator in toluene
(Figure 1). Toluene was chosen in a first approach as a typical
solvent of the slurry catalytic polymerization of ethylene per-
formed using similar conditions.
Under 50 bar of ethylene pressure, no polymer was obtained.
From 50 to 250 bar, polymerization occurred but conversion
of ethylene remained very low (3% conversion considering
a solubility of ethylene12 of 470 g/L under 100 bar at 70 C).
As expected the radical polymerization of ethylenewas inefficient
under mild conditions using toluene as solvent.
We investigated ethylene polymerization in THF (typical
solvent for radical polymerization), with the aim to improve
yield. Surprisingly polymerization in THF occurred down to
10 bar of ethylene, an unusual pressure range for pure radical
polymerization of ethylene. At 100 bar 3.9 g of polyethylene were
isolated, corresponding to 17% of conversion. Radical polymer-
ization of ethylene was about 6 times more efficient than in
toluene. As already mentioned, solvent impact is usually a tiny
effect in radical polymerization, but in the case of ethylene
polymerization solvent seems to play a major role.
The produced polyethylenes were moderately branched in
both solvents (7 branches/1000C in toluene and 9 branches/
1000C in THF) as determined by 13C NMR13 (see Supporting
Information, Figures S1 and S2) and have a melting point
between 115 and 119 C and a crystallinity of 55-70% (see
Supporting Information, Table S1). 13C NMR spectra showed
only butyl and longer chain branches and no vinyl chain end.
Transfer to solvent provided respectively phenyl-ended and
THF-ended polyethylenes which were fully identified by
13C NMR (see Supporting Information, Figures S1 and S2). In
the case of transfer to THF two different structures (1- and
2-polyethylenyl-THF, see Supporting Information, Figure S2)
were identified.
Molecular weights were lower in THF than in toluene. As
expected molecular weights increased with ethylene concentra-
tion: from950 to 4300 g/molwith toluene and from440 to 2400 g/
mol with THF. At pressure below 100 bar, melting points and
molecular weights dropped (runs 3, 8-10, see Supporting In-
formation Table S1) and oligomers were produced.
The number of chains per initiatorwas about 10 times higher in
THF than in toluene. Molecular weights in THF were about
0.6 times lower than in toluene. Assuming AIBN dissociation
being similar in both solvents, the rate of polymerization in THF
was 6 times higher than in toluene.
To examine the variation of kinetic constants, the kinetic law
of the free radical polymerization (eq 1) was checked for both
toluene and THF solvents. We plotted ln(1/(1 - x)) versus time
(Figure 2)
1
1-x
Dx
Dt
¼ kp
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2fkd ½I
kt
s
¼ ktot ð1Þ
with x = ethylene conversion, [I] = AIBN concentration, f =
efficiency factor of the initiator, and k = kinetic constants of
initiator dissociation (kd), propagation (kp), and termination (kt).
A linear relation with a good correlation was observed for
polymerization in THF and toluene. The slope ktot for THF was
6 times higher than the toluene one. After 8 h under 100 bar
of ethylene, 7.8 g of polyethylene were produced with THF as
solvent (33%of conversion) and only 1.3 g with toluene (5.5% of
conversion). A factor of 6 was observed as expected.
For each solvent, there was neither significant change in the
melting point nor in the molecular weight during the polymeri-
zation (see Supporting Information, Table S2).
Various concentrations of initiator were evaluated at 100 bar
of ethylene pressure and 70 C (see Supporting Information,
Figure S3, Table S3). We plotted ln (1/(1-x)) versus [I]1/2.
Equation 1 was once again confirmed. As expected molecular
weight decreased according to the concentration of initiator, due
to an increase of the termination rate. Melting points remained
unchanged between 115 and 117 C.*monteil@lcpp.cpe.fr.
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To further investigate the THF effect, polymerizations of
ethylene under 100 bar at 70 C were performed with different
mixtures of THF and toluene as solvent (Figure 3).
The yield did not increase linearly with the solvent com-
position. The observed activation was not proportional to the
THF amount in the solvent mixture. Below 40% of THF
the yield remained even and drastically increased over 40%
of THF only. Molecular weights decreased with the addition
of THF (see Supporting Information, Table S4) due to transfer
to THF.
How To Explain This Unexpected Effect of Solvent? The
THF activation can be explained by a change of polymeri-
zation rate. To go further we aim to calculate the global
activation energy and global pre-exponential factor. For this
purpose we performed polymerizations at several tempera-
tures (50, 70 and 90 C) and ethylene pressures (from 50 bar
up to 250 bar) in both solvents. One can remark that ethylene
conversion seemed not to be linked to ethylene pressure
(see Supporting Information, Table S5). At 90 C ethylene
conversion reached 40% after 4 h of polymerization.
From these experiments we plotted ktot versus 1/T to
determine the Arrhenius parameters. Corresponding Etot
and ln(Atot) are summarized in Table 1.
Ideally, the determination of theArrhenius parameters for
each polymerization step should be performed, but this kind
of study is currently incompatible with our conditions of
pressure (since stopped flow or pulsed laser polymerizations
techniques cannot be used).
ktot ¼ kp
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2fkd ½I
kt
s
¼ Atot exp -Etot
RT
  Etot ¼ Ep - 1
2
Et þ 1
2
Ed
Atot ¼ Ap
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2fAd ½I
At
r
8>><
>>: ð2Þ
The global activation energy and the pre-exponential
factor (eq 2) are lower in toluene than in THF. Lower global
activation energy is usually linked to a more favorable
reaction. In both solvents the polymerization mechanism
was considered to be the same, so the change in the global
activation energy was only due to the relative stabilization of
intermediate and activated states, which differ from one
solvent to the other.14 Solubilization by toluene provides
a lower energy barrier than in THF.
Despite lower global activation energy, toluene was less
efficient than THF. The global pre-exponential factor is
higher for THF, which explains, in the range of temperature
used, the better efficiency of radical ethylene polymerization
in THF. The global pre-exponential factor is proportional
to the frequency of efficient shocks. With a higher pre-
exponential factor the probability of the mechanism in-
volved is supposed to increase. Differences in geometry of
activated states in toluene and in THF could explain the
difference of pre-exponential factors. Toluene is less electron
donor than THF, more toluene molecules may therefore be
necessary to stabilize the radical corresponding to a denser
solvatation shell. This could explain a higher pre-exponential
factor in THF than in toluene.
In summary, this work showed that radical ethylene
polymerization can be effective under mild conditions
Figure 1. Pressure influence on ethylene radical polymerization: (9) 50
mgofAIBN, 50mLof toluene, 4 h at 70 Cunder ethylene pressure; (2)
50 mg of AIBN, 50 mL of THF, 4 h at 70 C under ethylene pressure.
Figure 2. Influence of time on radical polymerization of ethylene: (9)
50 mg of AIBN, 50 mL of toluene at 70 C under 100 bar of ethylene
pressure; (2) 50 mg of AIBN, 50 of mL THF at 70 C under 100 bar of
ethylene pressure.
Figure 3. Impact of solvent composition in volume on radical poly-
merization of ethylene: (9) 50 mg of AIBN, 50 mL of solvent, 4 h at
70 C under 100 bar of ethylene pressure; ([) Mn (g/mol) determined
using High Temperature SEC.
Table 1. Arrhenius Parameters of Ethylene Polymerization
(Assuming the Validity of the Arrhenius Law)
solvent
Etot, global activation
energy (kJ/mol)
ln(Atot), global
pre-exponential factor
toluene 27.7 7.6
THF 32.8 10.3
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(50 C < T < 90 C and P > 10 bar in THF) contrary to
what used to be assumed. The polymerization was 6 times
more productive in THF than in toluene: conversions of
ethylene up to 40% were obtained. Because of transfer to
solvent, 1- or 2-polyethylenyl-THF were synthesized. Cal-
culations of Arrhenius parameters have been done to under-
stand THF activation. THF efficiency is not due to a lower
global activation energy but to a higher pre-exponential
factor corresponding to a higher efficient shock frequency.
Further investigations with other solvents of various pola-
rities are under progress in order to discriminate the solvent
effect and to increase polyethylene molecular weights by
reducing the transfer capacity of solvent.
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details, figures showing NMR spectra, influence of initiator
concentration on radical polymerization of ethylene, tables
showing the influence of ethylene pressure, polymerization
time, concentration of initiator, solvent composition, and
temperature on the radical polymerization of ethylene. This
material is available free of charge via the Internet at http://
pubs.acs.org.
References and Notes
(1) Doak, K. W. In Encyclopedia of Polymer Science and Engineering,
2nd ed.; Mark, H. F., Bikales, N. M., Overberger, C. G., Menges, G.,
Eds.; WileyInterscience: New York, 1985; Vol. 6, pp 386-428.
(2) Aggarwal, S. L.; Sweeting, O. J. Chem. Rev. 1957, 57, 665–742.
(3) Mulhaupt, R.Macromol. Chem. Phys. 2003, 204, 289–327.
(4) Beach, D. L.; Kissin, Y. V. In Encyclopedia of Polymer Science and
Engineering, 2nd ed.; Mark, H. F., Bikales, N. M., Overberger, C. G.,
Menges,G.,Eds.;WileyInterscience:NewYork: 1985;Vol.6, pp454-489.
(5) Ziegler, K.;Gellert, H.-G.; Holzkamp, E.;Wilke, G.Angew. Chem.
1955, 67, 425.
(6) Ziegler, K.; Gellert, H.-G. Angew. Chem. 1952, 64, 323.
(7) Vyakaranam, K.; Babour, J. B.; Michl, J. J. Am. Chem. Soc. 2006,
128, 5610–5611.
(8) Horn,A.H.C.;Clark,T.J.Chem.Soc.,Chem.Commun.1986, 1774.
(9) Horn, A. H. C.; Clark, T. J. Am. Chem. Soc. 2003, 125, 2809.
(10) Kamachi, M. Adv. Polym. Sci. 1981, 38, 55–87.
(11) Beuermann, S.; Buback, M. Prog. Polym .Sci. 2002, 27, 191–254.
(12) Solubilization is a lowkinetic process in absence of stirring. Thus to
calculate the ethylene solubility in a solvent we charged the reactor
with ethylene pressure without stirring and we recorded the
pressure and temperature until the equilibrium under stirring.
The difference in density between the initial step and the equilib-
rium gave us the solubilization of ethylene. Identical solubilities
were estimated for toluene and THF.
(13) Galland, G. B.; de Souza, R. F.; Mauler, R. S.; Nunes, F. F.
Macromolecules 1999, 32, 1620–1625.
(14) Reichardt, C. InSolvents and solvent effects in organic chemistry, 2nd
ed.; Reichardt, C., Ed.; VCH: Weinheim, Germany, 1988; pp 121-205.
 
Supercritical behavior in free radical polymerization of ethylene
in the medium pressure rangew
Etienne Grau,* Jean-Pierre Broyer, Christophe Boisson, Roger Spitz and
Vincent Monteil*
Received 18th March 2010, Accepted 28th June 2010
DOI: 10.1039/c004447d
Free radical polymerization of ethylene in an intermediate pressure and temperature range
(Pethylene o 250 bar and 50 1C o T o 90 1C) in the presence of an organic solvent has been
studied. Under selected conditions (P, T) and according to the amount of organic solvent added,
either a supercritical monophasic or a biphasic medium is obtained. In the case of a biphasic
medium, polymerization occurred in the liquid phase in which radical initiator and ethylenes are
dissolved. The transition between a monophasic to a biphasic medium has been predicted using
thermodynamic calculations and has been related to experimental observations such as the
dependence of polymerization activity versus solvent volume.
Introduction
Free radical polymerization of ethylene is industrially
conducted under high pressures (1000–4000 bar) and
temperatures (200–300 1C).1,2 Under these conditions,
polymerization occurs in a monophasic supercritical medium
without any use of solvent. Polymerization of ethylene with an
organic solvent as diluent can be considered under milder
conditions but free radical polymerization of ethylene is
generally assumed to be ineﬃcient except when some strong
Lewis acids are used to activate the monomer.3–5 We have
recently reported that the solvent was not spectator and that a
simple change of solvent can increase drastically the eﬃciency
of the free radical polymerization of ethylene6 under mild
conditions (ethylene pressure up to 250 bar; T = 70 1C).
Low molecular weight polyethylenes (Mn o 5000 g mol1)
have been produced exhibiting a slightly branched micro-
structure (7 branches/1000 C in toluene and 9 branches/1000 C
in THF) and a melting temperature between 110 and 120 1C.
Crystallinity (B70%) was below catalytic PEHD but higher
than for standard LDPE produced at high temperature and
pressure by a free radical process. The development of the free
radical polymerization of ethylene under mild conditions is an
attractive challenge, because it can be a tool for creating new
functionalized polyethylenes (e.g. using chain transfer to
solvent) with controlled molecular weight distribution and
microstructure, as was described in our previous paper.6
There is a lack of study on ethylene polymerization in this
intermediate range of pressure. As a consequence, all the data
allowing to understand in which conditions the chemistry
takes places are not available and cannot be extrapolated
from the two better known ranges of reaction conditions.
Actually coordination catalysis7,8 is performed in the low
pressure range (up to 40 bar), while free radical polymerization
is performed much over 1000 bar at high temperature. An
important issue for our intermediate conditions concerns the
determination of the phase diagram of the polymerization
medium: whether the polymerization takes place in a biphasic
or in a monophasic medium. Low pressure and temperature
coordination catalysis can be compared to a biphasic system.
In this case polymerization is located in the liquid phase where
some ethylene is dissolved from the surrounding ethylene gas
phase. Solubility of ethylene in a broad range of organic
solvents has been fully determined under 40 bar of ethylene
pressure.9–11
At high pressure and high temperature, the system is
constituted by a unique supercritical phase (usually ethylene
is used without any additional solvent).
In the intermediate pressure range either one or two phases
could be envisaged depending on the ethylene pressure, the
amount of solvent (slurry conditions) and the temperature.
The biphasic or monophasic medium will not lead to the same
polymerization activity and polyethylene microstructure.
Therefore the determination of the phase transition is of great
interest.
In the present paper, the transition has been highlighted
experimentally and conﬁrmed using simple thermodynamic
calculations leading to a complete description of our polymer-
ization system with, for instance, the exact composition of the
polymerization medium.
Experimental
All chemicals were handled using standard Schlenk procedures
under argon atmosphere. Solvents (tetrahydrofuran (THF)
and toluene) were distilled from drying agents or degassed
under argon. Ethylene (purity 99.95%) was purchased from
Air Liquide and AIBN from Acros and used without further
puriﬁcation.
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Standard polymerization procedure
Caution, all polymerizations involve high pressure and
explosive gas. Ethylene polymerizations were done in a
160 mL stainless steel autoclave (equipped with safety valves,
stirrer, oven) from Parr Instrument Co. The azobisiso-
butyronitrile (AIBN) was dissolved in the desired volume of
solvent (THF or toluene) in a Schlenk tube under argon. The
mixture was introduced through cannula into the reactor.
Ethylene was introduced and the mixture was heated at the
desired temperature under stirring (300 rpm). To manage
safely polymerization over 50 bar of ethylene we use a 1.5 L
intermediate tank. The tank was cold down to 20 1C to
liquefy ethylene at 35 bar. When thermodynamic equilibrium
was reached, the intermediate tank was isolated and heated to
reach up to 300 bar of ethylene pressure. This tank was used
to charge the reactor, and maintain the pressure of
ethylene constant in the reactor by successive manual ethylene
addition. After 4 h of polymerization the reactor was slowly
cooled down and degassed. The polymer was then dried under
vacuum at 70 1C.
Result and discussion
Experimental evidence of the phase transition with
polymerization conditions
Polymerization of ethylene was performed in a batch reactor
by increasing the amounts of THF as organic solvent at 70 1C
under a pressure of 100 bar of ethylene (Fig. 1). Note that at
this pressure and temperature free radical polymerization of
ethylene is usually assumed to be ineﬃcient and this unusual
activity observed has been directly related to the activation
of polymerization by THF.6 Thus only 0.1 g of low
molecular weight PE was synthesized in the absence of THF
(Mn = 3010 g mol1).
The results showed a break of behavior between 40 and
45 mL of tetrahydrofuran (THF). At a low amount of THF,
the yield increased according to the volume of the solvent. On
the contrary it decreased slightly for a higher volume of THF.
This behavior cannot be due to the THF itself because no
polyethylene was synthesized without AIBN in THF in the
same experimental conditions. The highest conversion was
reached around the break between 40–45 mL where the yield
was over 4.5 g.
These observations could be compatible with a phase
transition between a monophasic medium at low THF volume,
where the reaction takes place in a single supercritical phase
(ethylene + THF = 1 phase), and a biphasic medium at
higher volume, where the polymerization takes place in the
liquid phase in which ethylene is dissolved.
In the case of a biphasic medium, no AIBN is in the gaseous
phase and thus polymerization occurred only in the liquid
phase.12,13 Over 45 mL of THF, the polymerization became
less eﬃcient due to a dilution of the initiator while the ethylene
concentration remains constant with increasing amounts of
THF. Below 40 mL of THF, the reaction seems to be
accelerated by a solvent activation eﬀect evidenced in our
previous work.6 In this case the initiator concentration
remains constant and the ethylene concentration decreases
with increasing amounts of THF (the partial pressure of
ethylene PE decreases while the total pressure Ptot remains
constant: Ptot = PE + PTHF). Without solvent the reaction is
almost ineﬃcient and activation with THF is almost
proportional to THF amount. Radical polymerization
occurred eﬃciently only in the presence of THF for solvating
the propagating radical.6 Note that at this stage the conversion
of our system can not be estimated as the real fraction of THF
and ethylene are unknown, due to the complexity of the
polymerization medium.
A similar set of experiments was also performed in toluene
(see ESI Fig. S1).w The same behavior was observed with
toluene, but the activation was less impacted. Polymerization
yield slightly increased with increasing amounts of toluene
until a maximum around 40–45 mL of solvent and then ﬁnally
decreased. The ratio between activation with THF and toluene
did not remain constant with the solvent amount. Below
40 mL of solvent the relative activation (yield in THF vs. yield
in toluene) increased up to a factor 6, and remained constant
above this volume.
The produced polyethylenes had a melting point between
110 and 117 1C and crystallinity of 50–60% (see ESI Tables S1
and S2).w As expected, polyethylene molecular weight
decreased with increasing solvent volumes due to transfer of
propagating radical to the solvent. In addition, the molecular
weight dropped over 45 mL due to the sudden increase of
solvent concentration in the liquid phase after the assumed
phase transition. Over 45 mL the molecular weight decreased
with the solvent volume.14 Moreover, low polydispersity index
(PDI) values were measured and the molecular weight
distributions of polyethylenes were always monomodal, which
strongly suggests that polymerization occurred in one phase,
respectively, in the supercritical phase (solvent + ethylene) for
a monophasic medium and in the liquid phase for a biphasic
system.
In order to conﬁrm this phase transition, polymerizations
were performed at 70 1C under 100 bar of ethylene with 50 mL
of THF using various amounts of AIBN (see ESI Table S3).w
If no phase transition occurs this set of experiment could be
Fig. 1 Inﬂuence of THF content on radical polymerization of
ethylene ’: 50 mg AIBN, 4 h at 70 1C under 100 bar of ethylene
pressure.
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related to the previous one (same amount of AIBN but various
volume of THF). For this purpose we plotted yield/THF vs.
the initial ratio AIBN/THF (Fig. 2).
The two sets of experiments diverge from the ratio
AIBN/THF of 1.11 g L1 corresponding to 45 mL of THF
(50 mg AIBN). This could be related to the aforementioned
phase transition. Below this amount both set of experiments
follow the same curve (biphasic medium).
How to determine this phase transition theoretically?
The previous ﬁndings highlighted the importance of the nature
of the reaction medium (supercritical vs. liquid). To determine
theoretically the phase diagram in order to validate our
hypothesis we need as prerequisite to calculate experimentally
the solubility of ethylene in the solvent phase. As far as we
know, ethylene solubility was well determined up to 40 bar in
organic solvent.9–11
Ethylene solubility determination (40–130 bar)
To determine ethylene solubility at higher pressure we assume
that solubilization is a slow kinetic process without stirring.
The reactor was then charged with ethylene at a desired
pressure and then stirring was started until thermodynamic
equilibrium. Pressure and temperature evolution were recorded
throughout the whole experiment (see ESI Fig. S2).w
A Peng-Robinson equation of state,15 was chosen after
examination of numerous available equations of state as an
excellent compromise between simplicity and eﬃciency.
According to this equation, the density of ethylene (d) is
known in the supercritical phase for each P, T (eqn (1) and (2)).
The diﬀerence in density between the initial step (i) (before
stirring) and the equilibrium (f) is due to the solubilization of
ethylene in the solvent (sE). To perform the calculation
the total inner volume of the reactor has been determined
(VR = 230 mL).
16 The volume of the solvent being known
(VS), solubility was calculated by mass balance through the
eqn (3). The dilatation of solvent (VE) due to the solubilization
of ethylene was determined by varying the volume of solvent
at a constant Pf.
di = EOS(Pi,Ti) (1)
df = EOS(Pf,Tf) (2)
di(VR  VS)  df(VR  VS  VE) = sEVS (3)
According to this modus operandi, ethylene solubility in
toluene and THF was determined up to 130 bar of ethylene
pressure at 70 1C (Fig. 3). The solubility at 50 1C and 90 1C in
toluene was also measured.
As an illustration, at 100 bar about 24 g of ethylene is
dissolved at 70 1C in 50 mL of solvent initially introduced
(usual conditions of our polymerization experiments). At low
pressure the slope was about 2 g L1 bar1 in agreement
with the literature. Over 50 bar an increase of the slope to
9 g L1 bar1 was observed. Solubility seems to be mostly
independent of the nature of the solvent. Solubility varies
linearly with ethylene density with a slope of 3.04 (see Fig. 4).
This linear relationship is valid whatever the temperature and
the nature of the solvent.
Fig. 2 Inﬂuence of AIBN/THF ratio on the radical polymerization of
ethylene ’: 50 mg AIBN, 4 h at 70 1C under 100 bar of ethylene
pressure, various volume of THF : 50 mL of THF, 4 h at 70 1C
under 100 bar of ethylene pressure, various amount of AIBN.
Fig. 3 Solubility of ethylene at 70 1C (in grams of ethylene per initial
volume of solvent)’: in THF, : in toluene.
Fig. 4 Correlation between ethylene density and solubility in toluene
: at 50 1C; ’: at 70 1C; : at 90 1C.
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A linear relationship also occurred between ethylene density
and the eﬀective ethylene solubility, i.e. the solubility in the
ethylene expanded solvent. The liquid phase is about 1.8 times
more concentrated in ethylene than the supercritical ethylene
phase, which explains in part (in addition to solvent activation
eﬀect) why the free radical polymerization of ethylene is more
eﬃcient in a solvent than without any solvent in this
pressure range.
Phase transition determination
Ethylene solubility has been determined up to 130 bar, but the
phase transition between a biphasic medium at low pressure
and a monophasic medium at higher pressure still has to be
determined. This was done using the Peng-Robinson equation
of state17 (eqn (4)–(8)) and the standard mixing rules for
coeﬃcients a and b (eqn (9)–(10))17 for a bicomponent system
(ethylene and solvent).
The Peng-Robinson equation of state:
P ¼ RT
v b
a
v2 þ 2bv b2 ð4Þ
a ¼ 0:45724R
2T2c
Pc
½1þ foð1 T1=2r Þ2 ð5Þ
where
fo = 0.37464 + 1.54226o  0.26992o2 (6)
and
Tr ¼ T
Tc
ð7Þ
b ¼ 0:07780RTc
Pc
ð8Þ
Mixing rules:
a ¼
XN
i¼1
XN
j¼1
xixjaij where aij ¼ ﬃﬃﬃﬃﬃﬃﬃﬃaiajp ð9Þ
b ¼
XN
i¼1
XN
j¼1
xixjbij where bij ¼ bi þ bj
2
ð10Þ
where P is the pressure, T the absolute temperature, v the
molar volume, R the ideal gas constant, Pc the pressure at the
critical point, Tc the absolute temperature at the critical point,
o the acentric factor,18 xi the molar fraction of compound i
(solvent or ethylene).
To calculate the transition we have to determine at each
temperature (because a depends of T), critical pressure and
temperature of the ethylene–solvent mixture using eqn (5)–(10)
for all compositions.
The mixture composition depends on three parameters only:
temperature, pressure of ethylene (which determines the
amount of ethylene),19 and volume of solvent (which deter-
mines the amount of solvent). For each composition and
temperature a and b were thus calculated using eqn (9) and
(10). Then the critical parameters of the mixture have been
determined (eqn (5) and (8)). These critical parameters also
depend on ethylene pressure, temperature and solvent volume.
At a given temperature, if Tcmixture o T and Pcmixture o P, the
medium is supercritical and monophasic. If Tcmixture 4 T a
biphasic system is expected with a liquid phase of solvent
containing dissolved ethylene. Pcmixture 4 P and Tcmixture o T
never occur due to the intrinsic properties of the mixture.
From these calculations a phase transition surface can be
obtained depending on temperature, ethylene pressure, and
amount of solvent as shown in Fig. 5, and the medium
composition can be estimated for each coordinate.
Above the phase transition surface the system will be a
supercritical monophasic medium (THF and ethylene in a
unique supercritical phase) and below the surface it will be
biphasic (2 phases with ethylene in both). Note that the
transition surface possesses a certain thickness (second order
transition) which cannot be precisely determined using our
calculation method.
Our method was also used for various solvents such as
toluene and the phase transition was determined for each
solvent (see Fig. 6 for comparison of transition between
THF and toluene at a constant volume of solvent: 50 mL).
At iso-volume, THF and toluene present almost the same
phase transition. For example, at 70 1C, 50 mL of solvent, the
Fig. 5 Phase diagram for ethylene/THF mixture.
Fig. 6 Phase diagram of ethylene/solvent system —: with 50 mL
THF, : with 50 mL Toluene.
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transition is at 128 bar in THF and at 135 bar in toluene. This
transition could explain the impossibility of measuring
ethylene solubility over 130 bar.
Are these calculations accurate?
Calculations show a phase transition under 100 bar at 70 1C
for THF between 36 and 37 mL (39–40 mL for toluene) which
can be related to the experimental behavior in ethylene free
radical polymerization (Fig. 1). As proposed, the break in
activity corresponds to the phase transition which experi-
mentally occurs between 40 and 45 mL solvent using these
polymerization conditions (100 bar, 70 1C). To validate our
calculations we performed polymerization at diﬀerent
pressures (25–250 bar) at 70 1C to experimentally determine
the transition between monophasic and biphasic medium
(Fig. 7) by varying the volume of THF. The break in activity
was determined for each pressure (see ESI Fig. S3, Table S4).w
Our methodology seems to predict the transition of the
system with a good correlation. The diﬀerence between
theoretical and experimental transition could originate from
the non-ideality of the THF/ethylene mixture. Our cubic
Peng-Robinson model may be considered tentative at the
present stage, and presumably describes the mixture of
ethylene and THF best for the mid-range temperatures and
pressures.
Conclusions
In summary, the activity proﬁle for free radical polymerization
of ethylene shows a break that can be related to a phase
transition between a biphasic medium (two phases with
ethylene in both) and a supercritical monophasic medium
(solvent + ethylene). This phase transition depending on
ethylene pressure, temperature and amount of organic solvent
was fully determined by thermodynamic calculations using
Peng-Robinson EOS and mixing rules for a bicomponent
system (ethylene and solvent). For this purpose the solubility
of ethylene was determined up to 130 bar in various solvents:
solubility was mostly found to be independent of solvent
properties. The full description of the polymerization medium
proposed from these calculations allows to understand better
the free radical polymerization of ethylene in the intermediate
pressure range (20 o Pethylene o 300 bar) and opens the door
to accurate copolymerization studies, the co-monomers
playing the role of a solvent. Note that our calculation method
is not restricted to ethylene but could be applied to other
supercritical ﬂuids.
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AqueousDispersions of Nonspherical Polyethylene Nanoparticles from
Free-Radical Polymerization under Mild Conditions**
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Polyethylene, the top manufactured polymer by volume, is
usually synthesized from low-pressure and -temperature
catalytic processes[1,2] or from a high-temperature (above
200 8C) and -pressure (greater than 1000 bar), highly energy-
consuming free-radical polymerization process.[3–5] In the
latter case a branched, low-density, polyethylene is produced
(LDPE), in contrast to Ziegler–Natta catalysis, which enables
the synthesis of high-density polyethylene (HDPE) that
exhibits higher crystallinities and melting temperatures.
These well-established polymerization processes require
improvement: reduction of energy consumption and of the
use of volatile organic compounds (VOCs) are important
targets. The VOC issue has been largely solved for low-
pressure catalytic Ziegler–Natta polymerizations by using
solvent-free gas-phase processes. For slurry polymerization,
new catalysts compatible with “green” diluents such as
supercritical CO2
[6,7] or water[8–11] have been developed.
Recently we successfully produced polyethylene (PE) by
a radical pathway under less energy-consuming conditions:
medium pressure below 250 bar and a low temperature of
70 8C using organic solvents (toluene or THF).[12] PE was
synthesized in high yields and exhibited intermediate melting
points and crystallinities in comparison to HDPE and LDPE
(115<Tm< 119 8C; crystallinity of 55–70%). However, poly-
mer molecular weights remained low (number-average
molecular weight Mn< 5000 gmol
1, polydispersity index
PDI 2) because of frequent transfer reactions to the solvent.
Transposition to an emulsion polymerization in aqueous
dispersed medium (benefiting from the compartmentalization
of radicals and from the low transfer ability of water) should
be useful to increase both molecular weight and yield and at
the same time to solve the VOC issue.
Only a few studies of free-radical polymerization (FRP)
of ethylene in aqueous dispersed media have been
reported,[13–17] and these use relatively high pressures (P>
300 bar) and a wide range of temperatures. The interpretation
of the results in these early works (1945–1975) is difficult
because of the lack of analytical tools available at the time to
study colloidal properties of the obtained polymer disper-
sions.
Note that the emulsion process for ethylene polymeri-
zation cannot be a classical one. Ethylene is introduced as a
supercritical gas, and consequently no ethylene droplets exist
during the polymerization and no unreacted liquid monomer
can remain in the latex. Furthermore, PE is a crystalline
material, in contrast to most conventional polymers produced
by FRP.
Herein, FRP of ethylene in emulsion under mild con-
ditions has been investigated, representing an innovative,
low-energy, “green”, efficient way to produce PE by a free-
radical mechanism. The transposition of the ethylene poly-
merization process to aqueous medium has been achieved by
using a cationic water-soluble initiator, 2,2-azobis(2-amidino-
propane)dihydrochloride (AIBA). FRP of ethylene was
performed in water at 70 8C with and without a standard
cationic surfactant (CTAB, cetyltrimethylammonium bro-
mide) to assist nucleation and particle stabilization. In all
cases, ethylene was polymerized with significant yields, and
stable dispersions of PE particles were obtained for ethylene
pressure up to 250 bar (Figure 1). Interestingly, PE can be
synthesized by this FRP process down to a pressure of 50 bar.
In the surfactant-free system, yield is lower than that
obtained using the same amount of initiator in THF but is
Figure 1. Free-radical polymerization of ethylene in aqueous dispersed
medium: & yield and & average particle diameter versus ethylene
pressure (80 mg AIBA, 50 mL water, 4 h at 70 8C under ethylene
pressure); ~ yield and ~ average particle diameter versus ethylene
pressure (80 mg AIBA, 50 mL water with 1 gL1 CTAB, 4 h at 70 8C
under ethylene pressure). Average particle diameter determined by
DLS.
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higher than in toluene.[12] The stabilization of PE particles is
assumed to result from the cationic fragments of the initiator
attached at the chain end, which induce electrostatic repul-
sion. Average particle diameters (Dp) measured by DLS
(dynamic light scattering) increase with the ethylene pressure
(and consequently with the yield) from 30 to 110 nm.
Polydispersity indexes of the particle size distribution
remain very low (PI 0.05), thus indicating the monodisperse
character of particle size distribution. Furthermore, the yield/
Dp
3 ratio, standing for the number of particles, remains
constant whatever the ethylene pressure.
When polymerizations were performed in the presence of
a standard cationic surfactant (CTAB) at 1 gL1 (above the
critical micelle concentration of 0.2 gL1 at 25 8C), much
higher activities were found (Figure 1). This emulsion system
is even more efficient than the polymerization in THF.[12] In
these non-optimized conditions, up to 40% solid content is
obtained (after degassing the 250 bar ethylene). Average
particle diameters seem to reach a plateau at 50 nm with
increasing ethylene pressure. This result indicates that the
number of particles increases with the yield. Surprisingly,
polydispersity indexes measured by DLS remain higher (PI
 0.5) than for the surfactant-free process.
The produced PE exhibits a low melting point (Tm
 100 8C) and low crystallinity (30–40%). Highest values
were obtained in the case of the surfactant-free polymeri-
zation process (see the Supporting Information, Table S1). As
expected, high molecular weights PE (Mn= 10
4–105 gmol1)
were produced. The number of PE chains synthesized is
greater with CTAB, thus indicating a possible transfer to
surfactant (see the Supporting Information, Figure S1). The
PE obtained is moderately branched under both conditions
(Figure S1: 30 branches per 1000 carbons without surfactant
and 37 branches per 1000 carbons with CTAB) as determined
by 13C NMR spectroscopy,[18] which is in agreement with the
crystallinities and melting temperatures measured. This
higher branching level in water than in an organic solvent
(THF: 9 branches per 1000 carbons or toluene: 7 branches per
1000 carbons)[12] can be explained by the compartmentaliza-
tion of the growing PE chains, which increases transfer
reactions to the polymer. The proportion of short chain
branches is lower in emulsion (25 vs. 35% in organic solvent)
owing to favored intermolecular over intramolecular transfer
reactions in a confined environment.
To link solvent and emulsion processes, the influence of
the addition of organic solvents to water (water-miscible THF
or immiscible toluene) was investigated. PE molecular
weights dropped in the presence of solvents (see the
Supporting Information, Table S2). The Mn value dropped
from 50500 gmol1 in water to 8300 and 2350 gmol1 for
toluene/H2O (1:4) and THF/H2Omixtures, respectively, in the
presence of CTAB. This decrease can be attributed to an
increased frequency of transfer reactions to solvent (contrary
to water, THF and toluene exhibit high transfer abilities),[12]
which has been confirmed by NMR spectroscopy (see the
Supporting Information, Figure S2). With THF, the transfer
reaction should take place in the continuous aqueous phase or
at the particle surface and not in the particles, because THF is
not an efficient swelling agent for amorphous PE (the same
Dp is observed before and after removal of THF by partial
reduced-pressure evaporation). For toluene, the Dp drops by
about 10 nm after removal of the organic solvent (toluene is a
swelling solvent for PE), so transfer could additionally take
place inside the particles.
Surfactant-free and classical emulsion polymerization
processes were compared by investigating the reaction profile
at 70 8C under 100 bar ethylene (Figure 2). For the surfactant-
free system, particle diameters increase with yield and the
yield/Dp
3 ratio remains constant, thus no renucleation or
aggregation takes place during the polymerization.
In the presence of CTAB the behavior is quite different.
Initially, particles with large diameters are formed, which
seem to disappear with time to generate only small particles
(Dp 30 nm) after 2 h. The mechanism for the extinction of
large particles to generate very small particles still remains
unknown, but preliminary experimental results suggest a
crucial role of the surfactant itself. For example, if 1 gL1
CTAB is added to surfactant-free PE latex, after stirring at
70 8C small particles are recovered (see the Supporting
Information, Figure S3).
The PE latexes were also characterized using TEM
analysis (Figure 3). In the surfactant-free process, quasi-
spherical particles were observed. The rigid lamellas of
semicrystalline PE prevent the formation of spheres (as
already observed for latex prepared by catalytic emulsion
polymerization).[19] Nevertheless, particles show relatively
homogeneous diameters, in agreement with DLS measure-
ments (low PI).
In the presence of CTAB, TEM pictures show a low
contrast for the surface of particles, which could be an
indication of flat particles. This morphology has been
confirmed by tilting the sample: disks were observed at 08
and ellipses at 608. Note that no significant changes were
observed when the PE latex obtained from surfactant-free
polymerization was tilted. From the hypothesis of cylinder-
like particles, the dimensions of these objects were estimated
Figure 2. Reaction profile for free-radical polymerization of ethylene in
aqueous dispersed medium: & yield and & average particle diameter
versus time (80 mg AIBA, 50 mL water at 70 8C under 100 bar); ~ yield
and ~ average particle diameter versus time (80 mg AIBA, 50 mL
water with 1 gL1 CTAB at 70 8C under 100 bar). Average particle
diameter determined by DLS.
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(average disks diameters about 35 nm and thickness about 3–
4 nm). From these findings we can better explain the high
values of PI (ca. 0.5) obtained by DLS (the autocorrelation
function of DLS is calculated for a size distribution of
spherical particles), which were not in agreement with the
apparent homogeneity in the diameters of particle sizes
observed by TEM.[20]
In summary, compartmentalization in water from emul-
sion processes (with or without surfactant) is a very promising
way to produce high-molecular-weight polyethylenes in the
low to very low density range by FRP under mild conditions
from a water-soluble cationic initiator. PE yields are higher
than for the solvent processes previously developed. From a
colloidal point of view, FRP in emulsion exhibits unexpected
original behavior. In the presence of surfactant, very small
cylindrical PE particles are generated, while larger quasi-
spherical particles were formed in the surfactant-free process.
The coating properties of these attractive PE nanoparticles
are currently being investigated.
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Abstract: 
This work aims to study ethylene polymerization from the free radical polymerization process to the 
copolymerization by a hybrid radical/catalytic mechanism. PE is synthesized by free radical 
polymerization under milder experimental conditions than industrial ones (P>1000 bar and T>100°C). 
Indeed free radical polymerization of ethylene is efficient even down to pressure of 5 bar and 
temperature of 10°C. Several unexpected behaviors are observed such as a high solvent activation 
effect. Beside the slurry process in organic solvent, polymerization in aqueous dispersed media is also 
performed. Stable PE latexes are obtained with solid contents up to 40%. Two different PE particles 
morphologies are observed cylinder-like and sphere-like. Then free radical copolymerization is studied 
using a broad range of polar vinyl monomers in organic solvent and emulsion. Insertions up to 50% of 
ethylene are obtained under mild conditions. The ambivalent role of comonomer as monomer and 
activator of the polymerization is highlighted. In order to obtain a wide range of composition of 
polar/non-polar copolymers a new technique of polymerization has been developed. A nickel complex 
is used to initiate the free radical polymerization and to catalyse the coordination/insertion ethylene 
polymerization. This nickel complex is capable of a reversible homolytic cleavage of its nickel-carbon 
bond. Finally, this hybrid process is used to copolymerize efficiently ethylene with various polar vinyl 
monomers. Multiblock copolymers with ethylene content from 1% to 99% are obtained by simply 
varying the monomer feeds. 
Key-Words: 
Ethylene/Polar monomer/Copolymerization/Free radical polymerization/Catalysis/High pressure/Emulsion 
Titre : 
Polymérisation de l’éthylène : de l’homopolymérisation radicalaire à la copolymérisation 
hybride radicalaire/catalytique 
Résumé : 
Ce travail concerne l’étude de la polymérisation de l’éthylène allant de l’homopolymérisation 
purement radicalaire jusqu’à la copolymérisation utilisant un mécanisme hybride 
radicalaire/catalytique. Ce travail montre que le polyéthylène peut être synthétisé par voie radicalaire 
dans des conditions expérimentales beaucoup plus douces que celles utilisées industriellement 
(P>1000 bar et T>100°C). L’éthylène a été polymérisé à partir de 10°C et 5 bar de pression 
d’éthylène. Un important effet activateur du solvant a été mis en évidence. De plus la polymérisation 
en milieu dispersé aqueux de l’éthylène a aussi été étudiée. Des latex stables de PE avec des taux de 
solide de 40% ont pu être obtenus. Deux morphologies de nanoparticules, cylindre ou sphère, ont été 
observées. La copolymérisation radicalaire avec des monomères vinyliques polaires a été également 
étudiée en solution ou en émulsion. Des insertions d’éthylène jusqu’à 50% ont été obtenues. De plus 
l’influence du comonomère et du solvant organique utilisé sur la polymérisation radicalaire de 
l’éthylène a été quantifiée. Une nouvelle technique de polymérisation hybride radicalaire/catalytique a 
été développée pour pouvoir obtenir toute la gamme de compositions possibles de copolymères 
éthylène/monomère polaire à partir d’un complexe de nickel qui amorce la polymérisation radicalaire 
et catalyse également la polymérisation de l’éthylène. Ce complexe subit une rupture homolytique 
réversible de la liaison nickel carbone et permet la synthèse de copolymères multiblocs. Des insertions 
d’éthylène de 1% à 99% ont été obtenues en faisant varier la pression d’éthylène et la concentration en 
comonomères polaires. 
Mots-clés: 
Ethylène/Monomère polaire/Copolymérisation/Polymérisation radicalaire/Catalyse/Haute pression/Emulsion 
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